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ABSTRACT

Analytical and experimental research was conducted
to investigate the use of a variable camber, cyclic controllea
propeller, in combination with a partially-tilting wing with
full-span flaps, to permit V/STOL aircraft operation. These
features were incorporated in a full scale cxperimental air-
craft designated the K-16B. This aircraft was ufed to explore
the fessibility of a unified propulsion~control system designed
to reconcile the conflict between the requirements of static
thrust in hover and high-speed propeller efficiency, and to pro--
vide helicopter-type control in hover without the need for auxi-
liary control devicegs. This is accomplished by irailing adge
flape in the blades of the propeller. Collective deflection
of these flaps J creaseg blade camber for high static thrust.
They are retracted in forward flight for a clean cruising-blade
profile., Cyclic deflection of the flaps furnishes control mo-
ments in hover. The system was investigated on ground bench
stands and in full-scale powered model tests of the K-~16B. inm
the NASA, Ames Research Center, 20 x 80 foot wind tunnel.

The configuration tested proved to have insufficient
thrust foi vertical flight as its instrumented test groes weignt;
lateral and directional control power was deficient; severe wimg
and horizontal tail stall were encouintered in portions of the
transition region; and - number of detail design deficiencies
became evid~nt. For these reasons, flight tests were not con-
ducted. Data from the wind-tunnel tests, however, served to
validate methods of analysis develnped during the program, and
the final metheods show good correlation.

This report presents the data and the methods and
correlations; describes the testing performed s&nd the problems
encounteres; and shows the probable solutions to the problems
encountered.

It is concluded that the propulsive rotor is & fea-
sible concept for propeller-driver V/STOL aircraft, offering
a unique combipnation of advantages for propulsion and control,
of such aircraft; that a practical and effective rotor could
probable be developed using the research data znd methods of
snalysir developed ipn this program,
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INTRODUCTION

Information about the hover and transition stabil-
ity and control characteristics of V/STOL aircraft that have
flown is sparse and closely guarded. But, it has been offi-
cially acknowledged that all V/STOL's that havce flown have
exhibited control and stability deficiencies, and that pro-
peller driven V/STOL's have also been wanting in static
thrust. A description is presented of a V/STOL aircraft
research program that demonstrates a unified propulsion-
control sysiem that resolves many of the difficulties,.

A propeller can be an efficient, unified propul-
sion-control unit. But success ucing a conventional propel-
ler is illusory. V/STOL experience has shcwn the conven-
tional preopeller to be an inefficient static thrust producer,
When the propeller is designed ior static thkrust require-
ments, the same experience shows that cruise efficiency
suffers. Adding blade-pitch cyclic control makes matters
worse. Hover cyclic control requires cyclic 1lift, but con-
trol is limited by blade stall if conventional prepellers
are used. This becomes apparent if a blade-section 1lift
curve is pictured. In hover, the blade wiil be very highly
loaded, and the wmean 1lift coefficient will be at 2 point or
the curve that is very near stall. (Cyclic control will call
for additional 1lift, which will cause the blades to stall.
Of course, the mean 1ift coefficient can be backed down the
curve to provide a margin for cyclic 1lift, but there will be
an accompanying decrease 1n static thrust capacity.

A high-1ift device in a propeller wi.l give addi-
tional mean li1it coefficient in hover and reduced coeffi-
cient in cruise, permitiing the propeller to satisfy both
ends of the speed spectrum. But this is only & partial so-
lution. For example, it is desirable to eliminate a tail
rotor and its recognized disadvantages of lift/pitch
coupling, high-frequency vibration induced in the structure,
and the high maintenance cost of the drive. The high-1ift
device, ithen, must also provide for control analognus to
helicopter control. It can provide this control without
stall because of its ability to furnish increased 1lift co-
efficient.
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Our approach to a bhigh-1ift device is trailing
edge flaps in thce blades. Collective deilection of them
provides variablce camber, resolving the conflict between
static thrust in hover and propeller etficiency in fixed-
wing flight. Cyclic deflection of the flaps results in cy-
clic 1ift control in a manner duplicating the hovering con-
trol of » helicopter. For cruising flight, the propeller
provides thrust in a conventional manner with the blade
flaps undeflected.

The concept has been incorporated in a twin prec-
pulsive-rotor (cyclic propeller), partial-tilting-wing,
V/STOL amphkibious airplane designed to applicable Military
specifications for both Class VU and helicopter siructural
and flying qualities. Under Bureau of Naval Weapo:r Con-
tract NOa(s)56-549c, we conducted intensive researcn of the
appruach, using a modified JRF-5 airframe which was redesig-
nated as the Model K-16B. The tilt-wing accommodates sym-
metrically disposed powerplants, each driving a propulsive-
rotor. The rotors are interconnected to prevent asymnmnetric
thrust in the event of a one-engine failure.

Correlation of data from ground stand and full
scale wind tunnel testing confirms the propulsive-rotor to
be an efficient propulsion-control assembly. The testing
illuminated several mechanical problems, principally with
oscillating bearings in the blade--flap control system. But
the solutions are in hand with a redesign of the control
system geometry, arnd with the development of high-capacity
self-1lubricating bearings and elastomeric bearings. Though
the answers to many questions are now known, the develop-
mental implementation of second generation V/STOL aircraft
such as the XC142 and the X22 caused funding limitations
that prevented flight research with the K-16B.

This report presents details cof concoption, re-
search, and evaluation of this V/STOL design, along with
actual or recommended solutions of problems that arose.
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HISTORY AND PHILOSOPRHY
OF DEVELOPMENT

CONCEPT ION

Controllakility of the VIOL at iow specds must be
comparable to the kelicopter if it is to maneuver effectively
near the ground. Precise spot-hovering, particularly in
gusts and winds up to 20 knots, compounds the problems of
adeguate hover control. Further, the conflict between pro-
peller performance requirements for hover and for fixed-wing
cruise must be resolved,.

Qur V/STOL studies began in 1954 and were con-
cerned with the arca of propulsion. But, very early in the
study it was recognized that operational feasibility could
not be obtained until effective controllability in the hover
and low-speed regime could be demoustrated - an area in
which little or no effort was being applied at that time.

It was necessary to make the first attempt to de-
rive controllability criteria for the low-speed regime of
V/3TOL aircraft. Because the helicopter was the only air-
craft Lype that had achieved satisfactory VTOL control, it
was logical to base a set of working criteria on the type.

Discussions with company test pilots indicated
that maximum acceleration about the three body axcs was a
good measure of helicopter controllsability in hover. This
appeared to be a reasonable approach beciause angular accel-
erations of the aircraft produce proeportional translational
acceleraiions at ihe pilol's scat - an important item of
sensory information used by thce pilot for controlling the
vehicle. By plotting maximum angular acceleration in pitch,
roll, and yaw for known successful helicopters against gross
weight, a set of working criteria was established.

For representative V/STOL configurations a good
"rule-of-thumb" was found: A maximum pitching moment equiv-
alent to that producasd by a vertical thrust at the tail of
approximately 20 percent of pgross welght is required in
pitch; 10 percent of ygross weight at each wing tip in roll;
and 6 percent of gross weight at the tail in yaw. Obtain-
ing these amounts of thrust with auxiliary devices such as
blowers, engine bleed, jet engines, or tail rotors appeared
either impractical or costly in terms of fuel consumption,
weight penalty, or complexity.

e e a s RN e ——
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It was decided that the best compromise ftor a sub-
sonic configuration would be a propeller-driven vehicle with
a disc loading between that of a normal helicopier rotor and
a conventional propel’~r. If range and speed requirements
are relatively modes and if extensive hovering is re-
quired, then the natural choice is the helicopter. On the :
other hand, if long range and high speed are primary consid- ..
erations, the normal approach would be to impart VTOL capa-
bility to the conventional high-cefficiency airplane. Where
speeds greater than 400 knols are not required, an efficient
approach is the tilt-wing, propeller-driven configuration.

It 1s apparent that the design of a control sys-
tem concerns first, the selection of methods to produce con-
trol forces in their proper locations; second, the design of
a System that transforms pilot commands into properly pro-
portioned actuation of the control force producers.

A less obvious aspeci of hovering control is that
of providing translational forces along the three body axes.
To hover the aircraft over a precise spot, the pilot must be
able to maneuver the alrcraft fore and aft, from side to
side, and up and down, not only in stili air but also in
gusts and winds u; to 30 knots. It is desirable that the
aircraft be able to provide these transiational tforces with
a minimum of angular reotation because the time response,
particulerly for large aircraft, and the relative disorien-
tation introd-ced by using only angular rotation to produce
translaticna. forces increases piloting difficulties.

Hence, there is a desirable relationship between the trans-
lational forces and the control moments, in terms of magni-
tude and time response, for the aircraft to provide easy
piloting technique.
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An apparently straightforward way ifor obtaining
yaw control is by differeantial aileron. BRBut in ground
effect the ailerons tend to lose some of their ecffective-
ness - as much as 50 peircent. Now, from theory based on a
25 percent-chord aileron, the value for ailercn effective-

ness (doc /dd) is 0.5. This value can be affocted by

nacelle shape, slipstream rotation, or ground effect, and
might be reduced to as little as 0.2. To get the value of
0.5 in ground effect the ailerons would have to be relativa-
ly very large. Taill fans also have been used for direction-
al control but have disadvantages both mechanical and aero-
dynamic, the latter in particular in high-speed v"light.




ontrol might bo attained with a wiag flap
on a low-wing confipguration that might give the flap an
appreciable moment arm, but it will result in an ungainly
coafiguration. A tail rotor adds mechanical complications,

1 3R *

TEquires an appreciablec amount of powoer, inirodices veiti-
cal acceleration coupling, does not provide fore-and-aft
translational forces, and gives drag in forward flight. A
Jjel engine or a blower is impractical from a fuel consump-
tion standpoint.

A cyclic control system has the advantage of pro-
viding control moments about, and translational lorces along
all ckhe aircraft axes in a manner similar to tnat of a heli-
copter. Because the thrust vector is tilted with cyclic
control, a translational force that anticipates augular
rotation 1s produced.

Hover cyclic control is limited by blade stall if
simply added to conventional propellers. V/STOL propeller
blades are highly loeaded in hover (very near stall), and it

is desirable tc carry even higher EL' Cyclic control means
cyclic CL' imposing additional burdens on blade loading.

According to Fay (41), an invariant-caniber propeller blade
will generate appreciablc control power within the capabil-

ity of the blade without stall provided that EI is cumpara-

ble to helicopter rotor design practice. But sSuch a blade
will have unacceptably poor efficierncy at the low thrust
coefficients required for cruise. Blade trailing edge flaps,

being high lift devices, give additional cyclic C, . addi-
tional EL in hover and reduced 6L 1n c¢ruise by retraction -

nearer to best L/D - and thereforc better cfficiency. The
incorporaticn of a blade tlap allows the selection of a
blade profile and activity factor compatible with the high-
speed propeller requirements, but by collective flap de-
flection attain the higher lift coefficients (because of the
greater virtual camber) required for hover performance, with
ample margin for necessary cyclic control and trim inputs
without stall,

To minimize the cruising efficiency penalty that a
high-activity-factor static thrusting propeller entails, it
is advantageous to operate the hovering propeller at as high
a blade loading as is possible. For example, to satisfy




| hovering requirements a highly cambered airfoil is nccessary
to ovtain a high blade loading. The rapid drop 1n required
thrust from hovering to lorward flight, howevur, forces tLhe
propeller to operate at low thrust coefficicnts in cruise.
To operate eftficiently at these low coefficisnts, a low
solidity 1s necdued to keep the blade loading near the maxi-
mum lift/drag ratio on the blade section. Variable camber
blades will resolve thesce conflicting requirements.

The beauty of the concept can be shown by an 1il-
lustrative vlade-section lift curve., In hover, an invari- )
ant camboer blade, designed for
a reasonable cruilse efficiency,

would be operating at Point A ~-Line A -
on Line 1. Cyclic control /p,’”4;
C : |

requires additional CL' A cy- ) eLine 2

”~
clic control input then would o
mnove the blade over the peak /B
into stall. The mean 1lift / <~ Line |

vide 2 margin for cyclic con-
trol, but there will be an ac-
companying decay in propeller /
hover performance. A propul- /
sive rotor, designed for the I
same cruise efficiency, could /
i have a curve represented by
Line 2 because of its vari-
{ able camber capability. It
! would operate &t Point B.
E The trailing edge flap of the
nropulsive-roior blade 15 a
high-11ft device; so, a flap
deflection for cyclic control would result in Line 3. There
‘s no decay in hover performance, and there is an incrcemental

|

l coefficient will have to be r ,///‘\
l backed off to Point A to pro- //
|

: /

|

i increase 1in CL for cyclic control to Point C, without blade

stall. For fixed-wing flight, a propulsive-rotor with flap
retracted would be equivalent to a conventional propeller
in terms of geometry, twist, camber, and efficiency.

Kaman helicopters have been hallmarked by their
servo-flap system. A so-called "buried” flap had been ex-
tensively analyzed and flight-tested under Bureau of Naval
Weapons Contract NOa(s)52-622 and reported in KAC Reports
T~86(42) ; G-43(43); and G-51(44).
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Drawing on this background, a propulsive-rotor was
designed with a twist distribution for reatonably high-speed
cruise efficicacy, but reconciling the conflicting require-
ments for cruise efficiency and high static thrust in hover
Dy using & trailing edge flap to provide a2 varlable camber
blade. The introduction of cyclic 1lift control by cyclic
deflection of the flap presented an economical sysiem for
attaining the control forces and moments. A flapping blade
was adopted Lo reduce the root bending stresses caused not
only by the thrust offset, but also by the one~per-rev vibra-
tory stressas characteristic of the high angle-of-attack
condition of VTOL and STOL aircraft in transition flight.

The strip analysis method (Appendix D) used for
hovering flight is consorvative when compared with a propel-
ler o1 similalr thrusting characteristics. The reasons are
twofold. The sirip analysis method makes use of two~dimen-~
siona) data which includes the effect of stall. In forward
cruising flight the method is good because the sections are
operating far below the stall., 1In hovering flight, because
of high compromise twists, the inboard sections are operat-
ing at an angle-of-attack beyond which stall would occur in
two-dimensional flow. But on an operating propeller a
strong radial pressure gradient exists due to higher veloc-
ities at the outboard stations. The spanwise pressure gra-
dient produced by rotation has the effect of sweeping the
voundary layer outboard toward the tip. It thus postpones
the stall at more inboard stiations. On a model propeller,
the maximum 1ift at the 80 percent radius station was in-
creased by approximately 30 percent as a result of this
boundary layer thiuning (Himmelskamp - 45). 1In addition,
when blade stall proceeds toward the tip, a tip vortex
sheet 1is produced which 1increases blade 1ift and drag
(Kucheman -~ 46).

£

No method has been found for relating thoe strength
of these vortex sheets to the tip angle-of-attack and load
distribution; therefore they are not accounted for in the
two-dimensional strip analysis. Because the effect of the
natural boundary layer control on the inboard sections is
not taken inlo account in the present analytical method, the
calculated results are conservative.

The analytical predictions were so encouraging the
Bureau of Naval Weapons awarded Contract N0a(s)56-549c
(February 1956) to continue the research. 1In view of the
unique nature of the concept, the Bureau elected to design
the program in phases.
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The first phase was designed to substantiate the
predictions with a feasibility model. A prototype 3-bladed
retor of 14-{oot diametor wilh buried flaps of approximately
50 percent chord and 50 percent blade span was testcd on a
helicopter whirl-test stand. The investigation covered
ranges of collective flap deflection to increasce static

thrust, and cyclic flap deflection to obtain control forces

and moments. The results of the test concurred with the
analytical methods developed for predicting acrodynamic and
aeroelastic characteristics of a propulsivo-rotor.

This feasibility test experimentally established
the validity of the hypothesis, but at relatively low lecvels
of power and speed. Couscquently, the contract was amended
(January 1957) to authorize a more sophisticated ground test
stand evaluation.

Obtaiping a balance between the power-installed
requirements for cruisc and those for hovering is an impor-
tant function of V/STOL design. Amongst the various V/STOL
configurations, the tilt-wing presents a unique opportunity
for obtaining the desircd balance by virtue of its freedom
to select a wing of nearly or actually optimum loading.

If the vertical 1ift at zero forward speed is pro-
vided by slipstream turning the resultant force is less than
the thrust of the propeller; that is, there is a turning
loss and the loss must be made up with more thrust from the
propeller, On the other hand, if the vertical 1lift is
obtained by tilting the wiung-propeller combination through a
right-angle, wing stall problems in transition can become
acute. From paramztric studies, it appeared that a combina-
tion of the two princinles should be adopted.

In the K-16B, a Fowler flap is deflected 40 de-
grees to deflect the slipstream 20 degrees. Consequently,
the wing need be tilted only enough to make up the remaining
70 degrces. Fuselage angle, both on the ground and in
flight, can be a portion ¢t this latter angle. The 20 de-
grees of siipstream turning can be accomplished with a mipi-
mum of turning loss. Because the wing flap deflects the
slipstrean, the wing attitude angle required to sustain the
aircraft in equilibrium at a particular speed is ower than
without flaps. The wing resultant angle-of-attack conse-
quently is lower, which reduces transition stall problems.

Another factor influencing the choice of tilt-wing
and flap configuration is the longitudipal trim character-
istics. The large flaps of a deflected slipsStream vehicle
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cause a large nose-down pitching moment. The propeller
normal force of a tilt-wing configuration results in large
nose-up pitching moments. The K-16B combines both to mini-
mize the out-of-trim moments to be overcome Ly the controls.

Finally, the flapped wing aflords reasonable power-
ofi{ stalling speceds in conventional airplane confipguration.

A twin-cngine utility airplanc in the 9000 pound
class was blocked out. Turbine engines in the 1000-hp range
being required, suitable rotor and drive systcems were de-
signed and fabricated. 1In addition, a bhalf-span wing fitted
with 40 percent Fowler flaps, nacelle, and cowling, designed
to Specification MIL-A-8629 Class VU, was built.

These components were installed on a test stand
that was appropriately floated on loadcells to permit meas-
urement of the six components of force and moment for the
dotermination of controllability, thrust, and 1lift perform-
ance. Additional instrumentation permitted a strain survey
of the blades and hub, and mcasurcments of blade motions,
blade/flap hinge moments, and control inputs. The program
aiso evaluated the degree of slipstream detlection by the
wing-flap, rotor/wing slipstream intcerfercnce, wing
straightening effoct, and effect of ground proximity.

Again results were in general accord with the
hypothesis, although they did disclose areas, both in analy-
sis and design, that required modification. These problems
and their solutions are discussed in the "Test Article
Development' section.

During the closing stages of the tast programn,
analysis of data indicated that either further experimental
modifications to analytical techniquas were known. With the
successful conclusion of testing cxpected in the near future,
the contractl was again amended (June 1958) authorizing a
flight research vehicle.

FLIGHT RESEARCH AIRCRAFT

The purpose oi this aircraft, Kknown as the K-16B,
was to provide a vehicle that would assist the Bureau of
Naval Weapons in the estabbiishment of both flying qualities
and structural specifications for the coming generations of
V/STOL sircraft. To provide for a reasonably thorough as-
sessment, a considerable degree of flexibility must be in-
corporated into the various systems. A structiural {light




} envelope approaching that ol operatioral aircralt must also
bo provided. DBoth objectives have been met in the K-16B.

In the interest of cconomy, thc Burcau furnished a
surplius JRF-5 fusclagc to be modificd tor V./STOL operation,
Bucausc this is an amphiblous fusclage with known hull
charactoristics, an additional advantage accrued to the
overall program in that a qualitative assessment of V/STOL
open-ocean oporation could Le made.

& descriptlion of the structure and systoms, and a
summary of the principle design dimensions will be found in
Appendix B. The genceral arrangemont is shown in Figure 1.

The authorization to proceed with the K-16B also
called for dynawmic substantiation of the rotor and of the
power-and-drive system., Normally, the analytical treatment
is substantinted by separate bench stand tes ing ol the
componcnts betore thoy are brought together for systems
dynamic substantiation. Considerable economies can be real-
i1zed by moving i1mmediately to a qualification test of the
complote system without prior compoanent testing. But this
ontails a calculated risk - if one component tails the fail-
ure may be catastrophic, and at the least will delay work on
the entire system. Howsver, in view of the limited funding,
the endurance stand was designed to qualify both the com-
ponents and the complete system at the same time.

; Subsequent to the authorization of the flight

| vehicle the decision was made to perform a full-scale wind

; tunnel evaluation. After functional tie-down testing, the
airplane was shipped to NASA, Ames Research Center, for

| testing in the 40 x 80 foot wind tunnel.
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; ' analyses and tests that evaluate the ability of the K- IGB tu
safely periform within the prescribed flight enveiope. An

| analysis of thc full-scale wind tunnel data will be found in

3 a later section. 1n the section "Test Article Development”

are reviewed a number of problems that arose and their solu-

tions, and problems that remain and their probable soluticns.
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ANALYSES AND TESTS

The first phase of the propulsive-rotor research
was designed to correlate analytical predictions with tests
of a fcasibility model. A prototype 3-biaded rotor of 14-
foot diameter with 50 percent chord and 50 percent blade-
span buried flaps was tested on a helicopter rotor whirl-
test stand. This test set-up is shown in Figure 2. Thke in-
vestigation covered ranges of collective flap deflection to
increase static thrust, and cyclic flap deflection to obtain
control forces and moments.

The results of the test, presented in KAC Report
G-90(1), concurred with the pre'iminary estimates of aero-
dynamic aue. aeroelastic characteristics of a propulsive-
rotor. Iv was concluded:

®© the hover controllability of present-
day helicopters represents a reason-
able criterion for design of V/STOL
control systems;

¢ 1in terms of additional power and
weight requirements, the most econom-
ical way of achieving this degree of
control in propeller-driven V/STCL
aircraft is by means of cyclic lift
control of the propeller;

® trailing-edge flaps on the propeller
blades provide a satisfactory degree
of cyclic controi;

e steady, positive, trailing-edge flap
deflections provide increased propel-
ier maximum 1lift coefficients.

This feasibility test stand experimentally estab-
lished the validity of the concept at relatively low levels
of power and speed. Consequently, the contract was amended
to authorize a more sophisticated ground stand evaluation
of thke concept.

This phase of the program was accemplished on a
test stand floated on Baldwin-Hamiltcn Type U-1 loadcells,
permitting the determination of 1ift, thrust, and side
forces, and of pitching, yawing, and rolling mowents. On
this stand were mounted a half-span wing fitted with Fowler-
type flaps, a nacelle, and one rotor and drive system.
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Figure 2

Feasibility Test Stand
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Structural components peculiar to a flight article were
designed to the criteria for Class VU aircraft of Specifi-
cation MIL-A-8629, that the test results might reflect the
compromises normally oencountered when designing an opera-
tional military aircraft.

The test stand as described (Figure 3) permitted a
performance assessment out of ground efiect. To investi-
gate the influence of ground proximity on performance, a
plane was constructed to simulate the ground (Figure 4).

The results of this testing were again in general
accord with the developed procedures, (KAC Reports G-111-1
through -4) (2/5), although the program did disclose areas
in the particular hardware, both in analysis and design,
that required modification. They were:

e variable inflow theory must be consid~
ered in the rotor analysis;

e to increase flapplng sensitivity re-
quires the introduction of negative
o -

) léah—lag freedom is not a necessity;

e flap hinge moment must be reduced.

During the closing stages of this testing it was
apparent that procedure had been substantiated, so the con-
tract was again amended tc provide for a V/STOL flight re-
sesrch aircraft, A surplus JRF-5 to be modified to the
V/STOL configuration was supplied by the Bureau,

This vehicle was to furnish a platform that would
pernit the safe accomplishment of flight research within a
meeningful envelope to assist in the establishment of real-
istic flying qualitics speciticetions for V/STOL pircrarfi,
To meet this requirement it obviously could not be a
limited-envelope test-bed; there must be adequate engineer-
ing justification supported by ground test in areas of
question. But funding limitations affected planning. Ini-
tial jndgement indicated that the engineering justification
could bhe substantiated by the following tests:

powered 1/8-scale wind-tunuel model;
wing proof-load;

controls proof-load;

mnechanical instabillity and flutter;
dynamic component endurance;
functional tie-down.

14




% Figure 3

Aerodynamic Research Test Stand
without Groundboard

Figure 4

Aerodynamic Research Test Stand
with Groundboard
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Subsequently, the test program was expanded (0o incliude:

e additional 1/8-scale model wind-
tunnel tests,

® blade flap and flap~-retention fztigue

test;

biade flap-control fatigue test;

simulator flight evaluation;

1/8-scale wind-tunnel tests of blade

flapping and damping in high-speed

flight;

¢ full-scale wind-tunnel test.

AERODYNAMICS

Aerodynamic analysis followed a normal pattern,
the only deviation being the need to consider two flight
regimes for the same airplane - airplane in fixed-wing,
high-speed flight, and helicopter in low-speed flight.
Analyses covered methods of analysis, airloads, and esti-
mated flying qualities, and are reported in KAC Reports
G-113-2(7); -4(9); -5(10); -7(12); and -31(36). Applicable
reports were modified as results of testing became avail-
able,

Estimating stability and controllability of the
aircraft at all flight speeds was complicated by the un-
usual trimming and control devices available. The steady
level flight of an aircraft requires a balance of forces in
the verticel and horizontal directions. In any airplane
this is brougbht about by a combinaticon of propeller thrust
and wing lift that balances the aircraft weight and drag.
In the K-16B, because of the high thrust available, this
briance C&n be achieved atl aay flight speesd. Ac the speed
is reduced below the flaps-down stalling spced, more of the
lifting force must come from a component of the retor
thrust, and tbkc attitude of the wing-propeller comoination
in space must move toward the vertical. 1f the wing and
fuselage were fixed with respect to each other, rather in-
convenient attitudes would result. The pilot of the K-16B
can, however, tilt the fuselage down with respect to the
wing as speed is reduced., Fuselage attitude, therefore,
can be considered a trimming device. 1In addition, the
regular aerodyngmic control surfaces become inadequate at
these low speeds, and full control is obtained by the cyclic
and differential-collective control of the rotor's artic-
ulatcd blades.




The detall design specification for the 1/8-scale
wind-tunnel model is found in KAC Report G-113-1(6). Each
-10del rotor was driven by a 30-hp electiric motor through a
2,17:1 reduction gearbox, and run at an rpm that was varied

from B000 to 12,000 rpm. To match Tg with availahle power

and speed, the rotors were four-bladed but otlherwise scaled
dimensionally. The bLlades did not have trailing-edge flaps
but did have flapping hinges. A strain-gage balance within
each nacelle mcasured rotor thrust, torque, normal force,
and pitching moment about the hub.

The tests were conducted in the DTMB 3 x 10 foot
Atmospheric Wind Tunnel No, 1. ¥Figure 5 shows the model
during test operations. These tests were completed by
February 1960 and are rcported in DTMB Aero Report 998(47),
and KAC Report G-113-7 Appendix A(12). Aerodynamic predic-
tions of suitable stability were generally substantiatec,
except for directional instability in the airplane '"clean"
configuration. Additional area added to the vertical fin
corrected this,

As a result of these tests however, the pcssi-
bility of stall was indicated on the medel under conditions
simulating level flight at speeds between 20 and 60 knots
(Ibid). '"Fallout" from NASA research then 1in progress also
indicated that transition 33tall might be more sericus than
originally believed. Henco, the model was retested with
several configuration chaniies to assess their effect on
transition stall,

The leading-2dge was modified in a manner similar
to that shown in NACA 7TN2228, Figure 2(48). A leading-edge
siat, a modification ¢f that repoirted in NACA TR73Z2(av},
was also tested. Further, a center section slat was
empiricalilly designed.

All the configuration changes resulted in improve-
ment in the model aerodynamic characteristics. 1In view of
the good results obtained with the leading-edge modification
(a glide-path angle of 10 degrees could be maintained
throughout the trapsition), it was decided to use it during
the upcoming full-scale wind-tunnel tests. These model
tests were completed duringz November 1961, and are reported
in KAC Report G-113-31(36).

At about this time a simulator flying qualities
pilot evaluation was conducted at Nortt American Aviation,
CoZumbus Division, on their visual analog VITUL simulator.
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Figure 5

1/8-Scale Wind Tunnel Model
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The estimated flying qualitics were evaluated by pilots from
BuWeps, Kaman, NASA, and NAA. The dynamic stability and
conirol characieristics in hovering flight were tound to be
flyable but with sufficient unpleasant characteristics to
bamper satisfactory sustained hovering operation. The re-
sults of the mid-transition and conventional flight evalu-
ation showed the expected improvement of flying qualities
with speed. The flight charactoeristics at 100 knots were
generally rated satisfactory for normal operation, but with
slightly unpleasant characteristics. This simulation pro-
gram is reoported in NAA Report NA60H-672(50), NATC Patuxent
Report No. 1-Final Report (51), and KAC Report G-113-7
Appendix C(12). As a result of the hovering gvaluation, 1t
was recommended that a stability augnentation system be
installed.

Upcn completion of the aircraft it underwent func-
tional tio-down testing, as shown in Figure 6. All the
pilets who participated rcmarked on the smoothness of oper-
ation. Several times the landing gear shock struts were
fully extended, the tires doughnut-shaped, and the spring-
lines taut. But, tethered tlight was prohibited prior to
full-scale tunnel testing.

Following these tests, the K-16B was shipped to
NASA, Ames Research Center (ARC), for full-scale tunnel
testing.

Before installation in the tunnel all systems were
cbhecked out on a static thrust stand where hover data in
the areas of rotor thrust and control effectiveness were
also taken. The wind tunnel operation was concerned with

rotor thrust, control effectivensssg, wing stall in transi.
tion, and blude flapping and damping in forward flight.
The installations of the aircraft both on the thrust stand

and in the tunnel are shown in Figures 7 and 8.

The analysis of the data indicates that the
methods develcped for the analytical treatment of propulsive
rotor performance are valid - that the deficiency in per-
formance disclosed by the data can be directly attributed to
non-optimum test hardware. Wing stall buffet in transition
may limit the effectiveness of the K-16B flight research
program. No problems arose with blade flapping and damping
in forward flight - test results agreed very well with ana-
lytical predicticns that showed the rotor to be well damped
with very littie flapping.

At low flight speeds the rotor operates the same
as a helicopter rotor with cffset hinge., At cruising speed
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Figure 6

Tie-down Operation
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Figure 8

Full-Scale
Wind Tunnel
Installation

Figure 7

Thrust Stand
Installation
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the cyclic flap control is phascd out and blade: motion 1is
defined sololy by the airplanc attitude and motion. A
theory was derived describing the force and motion charac-
teristics of a flapping rotor operating in high-speed con-
diticns, and model testls carried out to verify its qualita-
tivae accuracy.

The rotor derivatives with respect to the pertur-
bation velocities are obiained from methods similar to
thoge used in helicoptor analyses., But, a further compli-
cation is introduced because the forces and moments gener-
ated by the rotor-wing combination are with respect to the
wing axes system; thus, a resolution ie nocessary to relate
the forces and moments into the stability axes systein.

The rotor derivatives are complex due to the im-
plicit relationships that exist between the rotor variables,
This system is necessarily further complicated by the incor-
poration of a factor to account for a variable inflow, and
by the increase in rotor natural frequency caused by the
offset hinge. All this requires that existiny theory be
modified to include a cyclic variation of inflow and 1lift
cvefficient which occurs for a rotor operating at other than
its natural frequency. A description of these rotor deriva-
tives will be found in KAC Report G-113-7(12).

A negative damping contribution is indicated by
this method, whereas a positive damping is calculated using
the simplified helicopter methods. The principle differ-
ence is the negative damping contributed by the rotor
H-force at a speecd condition. However, a flapping hinge
offset will always result in a relatively smaller negative
contribution for the offset always contributes a positive
damping term (NACA TN3492)(52). This damping term is a
result ¢f the hub moment due o pitching velgcity. At
cruising speeds, the positive damping due to the hub moment
is balanced by the negative damping due to the rotor H-force.

At high flight-speeds the forces and moments pro-
duced by a rotor are essentially a function of blade geome-
try, mass distribution, motion, and the position and motion
of the rotor shaft. Once these parameters are known, the
forces and moments produced by the rotor become a straight-
forward integration operation. All the terms except the
blade motion are readily available; hence, the basic theo-
retical probliem is the prediction of the blade motion.

Because of these considerations the K-16B 1/8-scale

model rotor and iastrumentation was borrowed from DTMB to
conduct company-funded tunnel tests, Ipn the end, however,

22




wa el Aander th Aot vrameant +1nn arnd husilt a madal ralar
we uscd only the instromentaticn, and built o medel role:
that was incrtially and acrody.camicelly similar to 2 full-
scale rotor.
Mere-t Ao d 4 o000 bares ¥an Eieedt 4 n wvarno e +wf V_ 168D P
A VeI W WAL A AN LA L L L VI N - W F Y CA\—\.uu (lA I ANVL [ X Tand

ditions, and were the cquivalont ¢i a full-scale 2.2g sym-
metrical pullout at 390 %nots. The full-scale pitich rato
would be 4.3 degrees/second,

Th2 theory predicted that for these conditions the
longitudinal and latceral tlapping should be zero. The
longitudinal flapping due to a stecady angle-of-attack of 7.4
degrees should be 3.43 degrees, and the lateral flapping
5.54 degrees. However, the gyroscopic moments acting on the
blade duv to the pitching rate produce strong negative flap-
ping and numerically cancel the flappling due to angle-of-
attack.

Review of thuis preliminary test data indicates
agreement with theorctical predictions - longitudanal and
lateral flapping were zero,

DYNAMICS

Dynamic structural design was approached by cor -
ventional mochanical stability and flutter analyses, Sub-
stantiated by vibration testing to confirm calculated {re-
quencies and mode shapes. While precisc correlation between
calculated and test frequencies was not obtained, analysis
proved in every case to be conservative,

A vibration survey was performed on the rotor/wing
combination available from the aerodynamic research test
stand. In addition, an analysis was made of the mechanical
instability characteristics of the airplane coniiguration
both in flight and on the ground (KAC Report G-113-10) (13).
It was determined that the ranges of mechanical instability
associated with the wing modes were the most critical. To
insure freedom from instability in these modes for both
ground and flight operation, it was necessary to install a
centering spring in the lag freedom of the blades so that
the static in-plane natural frequency of the blades was
50 r/s. With this blade frequency the remaining modes were
not critical,

The flutter analysis followed conventional prac-

tice, and indicated that nc flutter problem exists in the
airplane (KAC Report G-113-6(11).
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Upon compietion of the airframe a mechanical in-
stabiiity and fiuvter survey was run, This test seatup is
shown in Figure 9. Siructures of equivalent mass and
inertia replaced the engines, transmission, and rotors.
Excitation was .ifected by rotating ecceniric weights in
the plane of the -otar; excitation force levels were adjusted
by changing thc eccasniric masses. A sweoap of the frequency

range from approximately #0 rpm to 1600 rpm was made, both ' 5{
ving down and wing up, at discrete percentages of airborne .3‘
weight. It was found that rotor and structural damping were '

more than adequiate to preclude divergent oscillations in %
those reginns of resonance that appear in the cperating !
rance. These tests are rcoported in KAC Reports G-113-27 and

-3¢ 32, 35). T

-

In KAC Report G-113~-28(33) is presented an anclysis
to determine the torsional natural frequency of the drive
] system. The purpose of the analysis was to insure there wcre
no natural frequencies near rotor (3 per rotor rev) or drive
system (2 psr engine rev) excitations to cause high torsional
stresses in the drive system, The J3-per-rotor-rev excitation
1s due to the three-bladed rotor; the 2-per-engine-rev to the
' drive shaft universal joints, It was found that the natural
i frequencies obtained are out of the raage of the 3-per-rev
excitation, but not of the Z2-per-rev when the original alu-
pinun drive shafting is used. Replacing the aluminum shaft
t with a dimensionally similar steel shaft brings the natural
! frecueuncy out ¢f the critical range.

The propeller-nacelle-wing combination was also
investigated for whirl fluvtier for various ratios of fecrwaxd
velocity cver tip-speed {KAC Report G-~113-41){49). The
analysis was divided into three stages of increasing com-
plexity: (1) inertial system with rigid hub (witkout blade
flappipg or aerodynamic lcads); (2) inertial system with
ar<iculated hub in fTlapping; (3) coumplete sysiem which adds
the aerodynamic forces to the inertial system of (2). This
approach has the advantage ol allowing a closer check of the
equations of motion, aund permitting tihe observation of the
effects of the addition of more complex iterms in the system.
‘ Further, the effect of the blade flapping degree of freecdom
| on the gyroscopic coupling in the inertial system may also
i b2 noted. Results of the analysis indicated the abserce of
‘ +~ic phenomgnon over the range of ratios that had to be con-
% sidered.
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Figure 9

Vivration and Flutter Test
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Static Structure

Struciural problems encountered during design were
fow in numbur in view of the conventional design approach;
pivotally mounting the wing to *he fuselage was the main
exception, Again, conventional structural clcments were
used, so few problems frcm a stress analysis point of view
were ancountered,

The analytical treatment of structure followed the
normal pattern of development of flight, ground, and water
loads (KAC Reports G-113-14, =15, -16)(19/21), and fuselage/
wing attachment loads {(KAC Report G-113-22(27). Various
stress analyses of such as the wing, nacelle, fuselage, tail,
alighting gear, transmission mount (KAC Reports G-il13-19(24);
-23(28); -25(30); ~-26(31); -18(23); and -17(22), respective-
ly) were also published. The wing was proof-load tested in
two conditions adjudged critical; these tests are reported
ip KAC Reports G-113-11 and -12(16/17). In the event of a
deficiency in the JRF-5, the extent of the modification or
the limits of operating restrictions were to be reported to
the Bureau for decision whether the modification would be
made or the operating restriction accepted.

The aircraft was designed structurally to Specifi-
cations MIL-A-8629 Class VU, and MIL-S-8€98, with additional
requirements written into an addendum to attempt to fill the
gaps in these helicopter and fixed-wing specifications.

The wing was proof-ivad tested in two conditions
determined to be most critical - wing bending in J-point
landing, and wing torsion in symmetricai landing approach.
Loads were annlied through whiffls-trees by load~irays and
hydraulic cylinders. The test setup can be seen in Figure 10,
In both tests proof-load was reached with no apparent struc-
tural inadequacies. As load was being removed after the
lagt test, a malfunction of a test actuator resulted in an
inadvertent over-load and local yielding of the wing. For
the forthcoming full-scale tunnel operation, structural
intagrity was restored by a temporary repair; a suitable
perrnanent repair, adequate for safe flight, has been designed
(KAC Report G-113-12)(17).

Tbe fuselage stress analysis showed tbe structure
to be adequate for the design loads except for two landing
conditions - a drift landing and « one-wheel landing. Both
conditions result in negative margins on the main landing
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Figure 10

Wing Proof-load Tests
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gear backup structure. A modification that will eliminate
the negative margins 1s presented in KAC Report G-113-25
Appendix 1 (30).

The alighting gecar stress analysis disclosed that
tbe JRF-5 is compatible with the K-16B criteria except for a
negative margin in the upper drag link as a result of a
drift landing condition. A method of eliminating this nega-
tive margin is presented in KAC Report G-113-18 Appendix A
(23).

The empennage analysis (KAC Report G-113-26) (31)
indicated that the elcvatorxr, rudder, and rudder tab were
more than adequate for the design loads. Because of the
need to increase the vertical fin area by adding & tip cap
to improve directional gstability, stiffeners had to be added
to the existing spar to increase bending strength. It was
also necessary to add doublers to the horizontal stabilizer
spar-cap to accommodate the higher required flutter spced of
the K-16B.

The stress analyses of both the nacelle and the
transmission mount show these structures to be adequate for
the critical air, ground, and water load conditions (KAC
Reports G-113-23, and -17 (28B,22) respectively.

Dynamic Systems

The dynamic systems are defined as the airframe
control system to the rotor azimuth and to the surface con-
trols; the rotor inciuding blade flap controls from and in-
cluding the azimuth; and the drive system, Stress 2znalyses
of these systems were supported by controls proof-load test,
blade-flap contrel system fatigue test, blade-flap reteation

P a s _ 3 - - - K S s - - T S
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The aircraft flight control system counsists of
conventional components such as pushrods, cranks, quadrants,
and cables. Because some of the pertions were superimposed
on existing JRF-5 systems, the JRF-5 design limit loads were
used., The stress analysis indicates that all components are
structurally acceptable {KAC Report G-113-9)(14).

Upon complation of the controls installation, a
system proof-load test was performed. All control systems -
airplare mode, helicopter mode, and engine controls - te the
azimuth and to the control surfaces were tested. Appropriate
loading beams were installed at the cockpit controls, and
surface locks installed as reguired. Loads were applied by
load trays or calibrated hydraulic cylinders., All tests were
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made wiih nu apparent ylelding of the systems or system supa

port structure. Controls excursions were pert rmed with no

interference in the systems {(KAC Report G-113-13)(18).
Although ihe sirsss analys’s of the propulsive-

rotor {KAC Report G-113-24)(29) disclosed no negative mar-
gins, two failures in the flap retention during endurance
stand operation caused authorization of fatigue testing of
the retention system. This was expandod to include fatigue
testing of the blade-flap control system,

The retention fatigue test (KAC Keport G-113-335)
(39) led to signaificant improvement ia the life of both the
flap and its retention. The configuration c¢y:led in the
last test was duplicated for use in the tunnel program at
ARC, where it was used with complete confidence., This
fatigue test operation is shown in Figure 11.

The level of operation for the controls fatigue
test (KAC Report G-113-33) (37) was establicacd at the esti-
mated maximum contiauous load level, Although the system
domonstrated adequate life at this level, during actual oper-
ation at continuous higher cyclic 1input levels, operating
lives of bearings were unacceptably short. The fatigue setup
is shown in Figure 12.

The two rotors are driven through reduction gear-
boxes by YTS58-GE6 engines in wing-mounted nacelles. Power
take-offs from the main reduction gearboxes are inter-
connected through the wing to permit either engine to drive
both rotors in the event of a single engine failure.

The structural integrity of all details of the
drive system was substantiated using approved methods of
stress anplvsis (KAC Report G-113-21) (26). Though sone areas
showed higher levels of pitting and bending stresses then
could be accepted for unlimited life, they are within the
working limits ¢f the experimental nature of the program.

A power-and-drive endurance bench stand, shown in
Figure 13, was used to qualify the rotor and drive system
(KAC Report G-113-34) (38). Because of the similarity of the
left-hand and right-band drive systems, the endurance staad
duplicated only the left-hand installation of engine, drive
system, and rotor. In addition, the cross-shaft installation
to and including the accessory-drive gearbox at the aircraft
centerline was included. This program was delayed by: (1) a
drive shaft failure, and (2) two failures in the blade-flap
retention.
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Figure 12

Blade Flap Control
Fatigue Test

Figure 11

Blade-flap
Fatigue Test
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Figure 13

Power and Drive
Endurance Bench Stand
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During this discussicn of analyses and tests a
number of problems were mentioned. These problems and their
actual or probablce solutions are touched on in the "Test
Article Development” section,
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TEST ARTICLE

ALY g Hoy .

DEVELOPMENT

Preceding sections presented a review of the var-
ious analyses and tests that cvaluated the V/STOL capabil-
ities of the K~16B. A pnumber of difficulties were meun-
tioned. This section will touch problems actually solved,
and rcmaining problems with their probable solutions. It
is divided into major subsystiems of propulsive-rotor, air-
frame, and power-and-drive.

PROPULSIVE ROTOR

It is possible to accurately predict propulsive-
rotor performance - final analysis and data show good corre-
lation. The rotor that was tested developed thrust somewhat
short of the original prediction. This was not entirely un-
expected. The program did not permit incorporating product
improvements upon the availability of additional criteria
resulting from previous testing and refinements in analyti-
cal techniques. The program was designed as a research
effort, and in such a role thce rotor configuration that was
tested has proved to be a useftul tool.

Hover Characteristics

In the design of heliccepter rotors the assumption
of uniform inflow is commonly used to determine cyclic effec-
tiveness. This approach had been applied to the propulsive-
rotor. Data from the Phase il research test stand indicated
that a1 more rigorous variable inflow theory must be applied.
' Comparison of test results with calculations based on the
latter theory disclosed excellent agreement.

) Control in hover (and transition) is obtained by
| blade-flap cyclic deflection, in the proper phase, to rotate
the tip-path plane and consequently the direction of thrust.
This tip-path rotation plus thec blade cenirifugal forces
acting on offsct flapping hinges, produces moments to attain
H precision helicopter-type control.

Cvclic sensitivity, which is the amount of flap-

| ping for a particular cyclic flap deflection, is a function
of the flapping hinge offset, pitch-flapping coupling, the
first mass moment, and the thrust coefficient. A particular

i control moment can be gencrated by proper choice of these

characteristics.
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When the cyclic sensitivity analysls is compared
with the static thrust stand test points, agreement is good.
When the sensiiivity is used io deivrmine total coniroi mo-
ment, agreement again is good. Because directional control
is a function ¢f cyclic sensitivity, it too will be as pre-
dicted. Our analysis carvied the measured components of the
control moment to a point that separates the aercdynamic
resuits from the mechanical system. Such a common base for
comparison 1s the wing axis system before control compensa-
tion is introduced. When this is done, the directional
control 1in the wing axis system is found to be just as pre-
dicted by the final methods of analyeis. The results of the
tests at NASA, Ames Research Certer (ARC), were affected by
an off-optimum control compensation in the mechanical system
(NASA TN D-2538) (53), designed to earlier estimates of con-
trol characteristics.

Pitching moment test data (Ibid), when shown as a
function of lengitudinal flapping, is in gecd agreement
with analysis. If plotted as a function of longitudinal
8tick position, agreement again is good. However, it was
less than the predicted moment (KAC Report G-113-4)(12).
The available control was limited to 0.6 of the design
value because of an irterference in a swashplate. 1In ad-
dition, full hovering thrust was not produced durlng the
tesis, and cyclic sensitivity is a functicon of thrust
coefficient.

Transition Performance

In transition, aircraft operation is determined in
part by the thrust of the rotor, and of control moments and
forces by the rotor about and along the three axes,

One purpose of the blade-flap is to improve the
static thrust capability without penalizing the high-speed
forward flight efficiency which a highly cambered or wider
blade would do -~ its purpose is not to improve the rotor-
blade efficiency throughout the speed range by continued
flap deflection. The concept allows the designer to select
a blade profile and activity factor compatible with the
high-speed propeller requirsments, but by colilective flup
deflection attain the higher 1ift coefficients required for
hover performance. For the high-speed configuration the
flaps are fully retracted, returning the blade to the thin
profile needed for efticient propeller performance. The
collective flep is reduced as the thrust decreases, and when
halfway through the transition the flaps are fully retract-
ed, The transition tests in the wind tunnel (NASA TN D-2538)
(53) were run with a constant 13 degrees of blade-flap col-
lective deflection, so poorer propeller efficiencies would
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_______ Th at
configuration for the ARC test point at 150 krots is collec-
tive flap fully retracted and blade piich at 34 degrees. The
run at this velocity was made in the transition coniiguration

propulsive-rotor perfor.aance in transition.

53

be expected at the higher spceds tested. The appropr
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The comments concerning control in the hovering
mode also apply in traasition. The cyclic sensitivity does
drop off however, principally because of the reduction in
thrust coefficient with speed. At thc same time the phas-
ing gradually shifts as a function of the advance ratio in
the transition - decreasing as the advance ratio increases,
then increasing as thce advance ratio decreases again. Dur-
ing this time the tail is becoming effective.

Although the cyclic sensitivity was greater than
anticipated, because of wing stall the untrimamed pitching
moment was sC large it severely curtailed the control avail-
able for maneuvers.

Periormance Imp:ovement

To improve the performance of the rotor, a nurber
of configuration changes (blade flap extent, solidity, tip
speed, twisi, airfoil section) have been considered. Two
possible configurations were reviewed. The first is essen-
tially the same as the present rotor in over-all dimensions.
The second has an increased diameter, chord, and flap span.
Both take advantage of an increase in rotational speed, and
a clean-up of blade tip design. (The present blade-flap
control linkage results in higher aerodynamic drag at the
lip. It 1s not possible to precisely calculate the power
loss due to this added drag, but it is estimated at 3 to 4
percent.) Table I describes the basic (existing) configu-
ration and the two revised configurations.

Table 1

Rotor Particulars

Basic Blade A Blade B
Diameter is2" 15'2" 15'10"
Biade Chord 18" ig" 20"
Flap Extent, r/R .04 to .38 .54 to .98 .35 to .98
Tip Speed, max 575 fps 635 fps 664 fps
Airfoil of Qutboard
50% of Blade 163%09 16509 16509
{modified) (modified)
Airfoll Design Camber .35 .5 .5
Tip Region Dirty Clean Clean




The hover performance map {0r iLhe¢ basic blade is
shown in Figure 14; for Blade # in Figure 15; and for Blide
B in Figure 16, These maps were used to determine the hover
capabilities of the new configurations, shown in Figure 17.
The effect on high-speed perivrmance is shown in Figure 18.

It will be noted that by virtue of the blade flap,
static thrust has been optimized without penalty in cruising
propuisive efficiency. It can be concluded that the degree
of rotor modification represented by Blade A, when powered
by a T58-GEB, will provide sufficient margin of static
thrust to assure adequate vertical flight performance of the
K-16B at any feasible gross weight,

The concept of integrated design lift coefficient
for estimating propeller performwance is based cn the assuw)-
tion that the propeller operates at the design angle of attack,

oC i1, at each station along the tiade. For the normal pro-

peller, designed for maximum efficiency in cruise, the concept
is valid because the radial variation in ideal angle of

attack can be made conincident with the twist distribution

for cruise operatiocn. In this case static thrust is of
secondary importanc:. For VTOL aircraft, static thrust is

of primary importance.

Efficient high static thrust requires that the
camber be high and the twist in the order of -12 degrees and
linear. A blade designed with these characteristics will
have poor efficiency at the low thrust coefficients required
for cruise. T propulsive~rotor, because its rl:des are of
variable camber, reconciles the two requirenents.

4‘.-
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tion, CYPQ = 0 d',rees, or the equivalent 2f an invariant

propeller. in the other condition, O/o = 5 degrees. In

b ir-t condiiion, note that with bhasic camber alone thoe
ta + cannot generate the reyuired thrust at tae design
of 10,000 pounds. However, in_rcasing the camber by
226 of fiap deflaction, *he 12,000 pournds of thrust
produced at a reasonzbive figure-of-merit. By re-
tr- - .ag the flap a propcller cruisge eificiency of 0.85 is
attained.

A conventional propeller designed for this same
cruise efficiency (0.85) would be equivalent tc propulsive
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rotor "A" with flap retracted, in terms of geometry, twist,

and camber. Hence it would have the same low figure-of-

merit in hover, and therefore would be unacceptable. Were

the propeller designed foi a higher cruise eificiency, there

would be a further degradation in hover performance. To

meet the required hovering performance, the blade chord,

number of blades, or amount of camber wculd have to be in- ;
creased, resulting in poorer propulsive efficiency in ) -
cruise. To develop 10,000 pounds of thrust with the pres- '8
ent test rotor requires a collective flap deflection of 13 :

degrees for a Cp/0~ of 0.185, resulting in a figure-of-
merit of 0.62. By increasing the tip speed of Blade A from 5
595 to 635 fps the Cp/ @~ required for 10,000 pounds of !.;@>

thrust is reduced to 0.152, which requires only 5 degrees of ;
collective flgp for a figure-of-merit of 0.72. Indeed, o

11,000 pounds of thrust can be developed at a Cp/ O~ of

0.166 with 6 degrees of flap and a figurc-of-merit of 0.71.

This configuration change demonstrates the per-
formance that is possible with the X-16D rotor. Although
the analysis concentrated on improvement of hovex perform-
ance, the concept is not that narrowly defined. 1t lends
itself to performance flexibiliiy in systems trade-olf
studies, Consider the following plot. This is & hover per-
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formance map crossplotted tc cruise efficiency. It is based
on estimates of performance of one airplane, and varies
propeiler blade camber. The propulsive-ictor blade-flaps
are appropriately stowed in cruise, of course

Note the curve for an invariant-camber propeller,
o/; ~ 0°. When designed for hover, its figure-of-merit is

in excess of 0.7 but its cruise efficiency 1s low. Now con-
sider the other extreme of the curve. Cruise efiiciency is
high but hovey efficiency is very low. The curve for collec-

tive flap of 1udegrees (o/; =]100) is indicative of the p#ér-

formance improvement w#ith variable camber blades. Note

that at tne same maximum cruise efficiency of the fixed-
camber blade there is just a modest decreage in hcver filgure-
of-merit. It can also be seen that a range of trade-oifs

» can be made between hover efficiency and cruise efficiercy.
"I And, when a reduced efficiency, either hover or cruise, is

_ acceptable, it is not improbable that there may be & cross-
.:;{ over poin!’. Then there may be no performance advantage of

the propulsive-roter, but the hover control advantage wilil
continue to exist.

‘“ﬁ'l The flexibility of the concept makes it possible
» to configure a propulsion unit to be the best compromise
R for a system missiou profile, whether it be long range and
3 _l short hover time, shor¢ range with long hover time, or any
Rt mission in between. Unlike the relative trade-oif inflex-
ibility of an invariant-cgmber propeller, the propulsive-

'-f; rotor allows a systems analysis to balance cruise efficiency
J-i againsti hover efficiency.

The rotor hub had been designed as a fully artic~
ulated system. Analyres performed in an Air Force study
{Egerton and Giansante - 54) indicated a substantial poten-
tial weight savings of a semi-rigid rotor as compared to a
fully articulated rotor. Several test runs with le d-lag
freedcm locked out were made on the Phase II test stand. A .
marked improvement in the smoothness of operation was noted,

Though the stress levels recorded during this run-
ning we.e within the limits of test stand operation, the
stress levels that would te encountered in maneuvering
flight would call for a complete redesign of the hubd. In-~
stead, a urique lead-lag restraint was designed. It provides
the in-plane freedom of blade motion to 1elieve blade and




hub streeses of the original design, yet the natural fre-
quency of the complete system is so tuned that mechanicai
instability is avcided. Obviously, the weight saving of a
complete redesign could not be obtained; however, with the
primary objective that of obtaining resesrch data, the
weight pcnalty could be tolerated,

Blade-flap retention is provided by a tension-
torsicn cable mechanically secured at the root of the blade
and attached to the flap spar. In th2 original design the
csble was attachesd to the spar by a threaded connection to a
fitting bonded to the spar. A connection of this type was
more amenable to fabric: ion, assembly, and handling.

During power-and-drive bench stand operations, a
failure occurred in a thread relief of the fitting bonded to
the flap. Metallurgical inspection revealed a fatigue fail-
ure resulting {rom flap bending loads. The cable end fitting
was changed to a ball-and-socket arrangement that becomes
permgnently bonded into the flap through a phenolic block.

A second retention failure occurred, this time in
the bond between the phenolic block and the spar structure.
Inspection disclosed an incomplete bond hetween the phenolic
block and the plywocd leading edge. The designed area of the
bond wes more than sufficienpt to support the loads - this was
substantiated by pull-tests of the two remaining flaps. How-
: ever, to reduce tae sensitivity to quality variations - a
) factor in this failure -~ the joint layup was redesigned.

: Subsequent flaps have given no evidence of difficulty.

Further significant improvement in flap 1eliabil-
ity developed as a result of parallel fatigue testing (KAC
Report G-113-35){4G). 1In all, seven fatigue tests of the
flap and retention were performed, permitting establishment
0f regkonabie 5-T curves for wind tunned and [ lighi opera-
tion.

Although the flap configuration used during the ARC
tests had adequate fatigue life, it is suspected that struc-
tural deformation of the flaps, which were rather flexible,
may have affected rotor performance.

By applying the conatruction techniques used in the
aluniaum-sper, honeycomb-stiifened UH-2 helicopter servo-flap
to the K-16B flap a decided improvement in flap stiffiness can
be attained. The only essential difference from the UH-2
flap structure would be a fiberglass skin, necessary to allow
for the relatively sharp twist of the K-16B flap. Dynamic
apzlysis ¢? this flap also indicates that fatigue strength




will be far greater than that of the present flap.

The economics of the program dictated austerity in
all arcas. System trade-off studies resulted in the present
blade-flap control linkage, which is a push-pull system con-
sisting of links, a long spanwisc rod, and an offset crank
driving a rflap hern by an c¢xternal chordwise rod. The trade-
off studies reviewed the impact of dual hydraulic actuators
versus single hydraulirc actuators to operate the rotor swash-
plate. 1If a suitable mechanical system is available in the
event of a hydraulic failure, then the expense of a dual sys-
tem can be avolded. In this case, a hydraulic failure will
place the rotor control loads on the pilot's stick; these
must be within the piiot's capabilities. The control system
geometry that was selected permitted including a mass bal-
ance that introduces a cyclic cenctrifugal force in onposition
to the aerodynamic force produced by cyclic flap deflection,
resulting in emergency loads within the pilot's capability.
This allowed the use of a single actuator.

Operation disclosed high pressure-velocity (P-V)
loads on many of the bearings, and serious lubrication prob-
lems at the blade tip because of the high centrifugal forces
‘ on the components. These prceblems are particularly manifest
{ at sustained higher lcvels of cyclic input, such as would be
- expected during wind tunnel operation.

Belleville springs were used in tne tuned lead-lag
system of the rotor. As a result of several fatigue fail-
ures, a spring development program was pursued. The end re-
quirements compelled a change of materizl, control of the
grain orientation ot the metai, and improved fabrication of
the springs. Modified springs were in the airplane during
testing at ARC. No evidence of malfunctioning appeared.

Component Improvement

The K16 rotor concept has been damned by faint
praise because of these problems. Theoretically, the con-
cept is considered a unique and promising solution to the
control and static thrust problems of propeller-driven
V/STOL aircrafi. Practically, it has been denigrated be-
cause of the difficuities we experienced with research hard-
ware. This judgement does not consider the state-of-the-art
advances in bearing and structure technologies in the ten
years since the propulsive-rotor was first designed.

As a result of the emphasis the Military has
placed on the contribution of relubrication of rotor and
control system oscillating bearings to the maintenance bur-
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den, and of the demands of the¢ space sciences, major advances
have been made in the development of self-lubricating bear-
ings and of elastic hinges; specifically, the KACarb bearing
and the elastomeric bearing.

XACarb bearings have a dry, solid, permanently-
lubricated bearing surface that is d-signed for high-load,
high-velocity oscillating or rotatirg conditions. They have
a consistent and low coefficient of friction, and P-V ca}ac-
ities that are a minimum of four times greater than the best
quality aircraft bearings heretoiore available. They are
also unique in that they can operate for short periods at
excessive P-V loudings with no damagec to the bearing. In one
application, they operated for a limited time at a P-V load-
ing in excess of 900,000 - more than ten times the design
limit ~ with no damage to the bearing.

The elastomeric bearing is constructed of alter-
nate leyers of metal and elastomer. The applied load is es-
sentially normal to the lamination orientation; the functlion-
al displacement is parallel to the laminations. Laminn
thickness is small for the elastomer to operate in the visco-
elastic range, and at the same time, support appreciable com-
pressive stress without extrusion at the edge boundary.

Both types of bearings were selected by Kaman for
the blade articulation of a rotor re-entry vehicle wind tun-
nel model for ARC (Contract NAS 2 .- 2107). The model, shown
in the figure, is a four-foot diameter, semi-articulated
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rotor complcte with both cyclic and colicctive patch.  The
elastomeric pitch bearings are but 1-3/8 inch in diameter.
The flapping bearings arce XKACarb beprings.

The application involves opcerating frequencies in
excess of 100 cps - wecll beyond the state of the art for nor-
mal oscillating bearings - operating rpm ol 6300, and a de-
sign load in c¢xcess of 10,000 pounds. Hecent operation was
at M = 3.5 in giiding flight with cyclic and collective in-~
put. After 70 hours, thc bearings were ianspected - and re-
instalied in the model.

In the original propulsive-rotor, the flap control
system had the most critically loaded bearings operating at a
frequency of about 12 c¢ps, operating rpm ot 725, aud a design
load of 1200 pounds., A damaging factor was the loss of lubri-
cant because ol the CF environment. (KACarb and elestomeric
bearings require no lubrication.}

Configuration studies have evolved a nev system ge-
ometry of considerable promisc. This is made po. iible by
separating into .hree systems the functions of supporting the
end shear load on the flap, the centrifugal retention load of
the flap, and the hiunge moment required to drive the flap.
The entire control system is removed from the high CF envi-
ronment at the blade tip and is operated inboard where the

loads are considerably lower. Component fatigue lives are
greatly improved, and the new system will be stiffer than the
original system by an order of magnitude. (Control system

flexibility was a problem during testing.) Insufficient con-
trol bearing tailure raie data are available to run a guanti-
tative reliabiliity analysis, but a qualitative analysis of
the new system with KACarb bearings shows a reliability im-
nrovement apprcaching twc orders of magnitude. Removal ot
the control cranks, external actuating rod, and 1lzp horn ai
the tip results in an aerodynamically efficlent airfoil in
the high-velocity tip area.

Hub configuration studies have led to an integrated
rotor-and-hub uassembly. The physical characteristics of a
propulsive-rotor blade are such that in-plane bending loads
can be easily accommodated by the blade, permitting elimina-
tion of lead-lag bearings. A swashplate for flap control,
and an actuator for blade pitch control, are integral with
the hub assembly. Full advantage is taken ol the charac-
teristics of KACarb and elastomeric bearings. The case would
bolt to solid structure, and because bending loads are not
taken in a propeiler shaft, a lipght guill shaft can drive the
rotor. By integrating the blades, hub, and flap controls in-
to a total system, the propulsive-rotor is removed Irom thu




speclalty design field churacteristic of helicopter rotor
systems. It can be applicd as a sub-system Lo any propel-
ler-driven Y/STOL airplanc.

A1RFRAME

During the later stages of the rescarch test stand
the Model K-16B aircraft was authorized for the purpose of
assisiing the Burecau in the establishment of both flying
qualities and structural specifications for the coming gener-
ations of V/STOL aircraft.

Performance

One phase of the program required a wind tunnel
stability investigation using a powered l/8-scale model.
Aerodynamic predictions of suitable stability were generally
substantiated except for directionai instability with the
wing down, wing flaps retracted, and rotors on. 1t was de-
termined that:

@ the besic very high wing cenfiguration
contributed large side-wach character- ..
istics that kept the vertical tail
angle of attack low in the low yaw
range.
® the rotors contributed a large desta-
bilizing yawing moment variation;
the dynamic pressure at the tail was
not appreciably reduced.

Strain-gage balance data of the propeller side
force indicated that the model propeller contributed about
twice the destabilizing yawing moment coefticient that the
full-scale rotor was estimated to do. The model configura-
tion was made stable using either a combination of end-
plates and 20-degrees of dihedral of the horizontal tail, or
by udditional area to the upper portion of the vertical tail.

Of the two, the latter was chosen.

When the aircraft configuration was initially es-
tablished, a trade-olt was indicated between simplicity of
wing structure and wing stall in transition. It was reasoned
that though there would be transition stall, because of the
low "q's" the stall would be of relatively little signifi-
cance. So, design effort was concentrated on deriving the
simplest and lightest wing structure for a rather zwkward
structural situation typical of tilt-wing types.




There was no surprise at the indication of transi-
tion stall in the model tests, but results from NASA re-
search and the V-76 program seemed to indicate that the stall
was a mure serious problem than we had previovusliy believed,
As a consequence, additional 1/B-scale model testing was pro-
grammed. A number of the changes investigated included a
drooped leading edge, lcading cdge slats, and an increase in
flap chord. All the changes resulted in improvements in the
model's characteristics; the best improvement was with the
leading edge slatls. Howecver, the improvement with the drooped
leading edge was also significant. Because the latter was
the simplest change and could be made as a removable glove,
it was chosen as thce modilication to be triced auring the
full-scale wind tunncl tests,

Full-scale tunnel testing showed that at conditions
in which the K-16B was balanced, the wing was stalled. With
the plain leading edge, stall was indicated between 25 and 70
knots. Contrary to expectations, the improvements antici-
pated with the modified leading edge did not materialize.
However, even with the wing stalled, in the slipstream the
wing tilt-angle required to balance the aircraft in a level
flight transition is satisfactorily predicted.

A brief wind tunnel investigation was made at ARC
with the drooped leading edge over the wing outboard of the
center section, and a leading edge slat over the center sec-
tion. This slat, just long enough to <over the center sec-
tion, was one that ARC had used in another program. The slat
helped the center section, but then stall would occur be-
tween the g£lat and the propeller slipstream and spread span-
wise. As a result, the drooped leading edge had little bene-
ficial effect. No investigaticn was made using stall fences
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The horizontal tail was also stalled throughout
most of the transition, prcbably as a result of being in the
turbulent wake of the wing. 'The limited tests with the cen-
ter section slat produced a consideravle improvement in the
flow over the tail. But there is a rather large variation in
downwash angle over the speed range?, causing the taii to pro-
duce undesirable nose-up pitching mcements during the latter
part of the transitiun. It appcars that a variable incidence
tail is callead for tu correct the moments.

An analysis in the following section (Full-Scale
Wind Tunnel Test) shows slipstream stall to be eliminated
and center section stail to be minimized by using leading edge
slats. The elimination of stall will improve the flow over
the tail, making it more effective in assisting control of
the airplane.
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The demands made of the propulsive-rotor for K-~16B
hover capability are supplemented by deflectiun ot the slip-
stream with a minimum loss through an angle sufticient to
make the resultant force vertical.

Initial tests of wing lift effectiveness were made
on the Phase Il bench stand. They indicated a turning angle
of 21.8 degrees. Later, 1/8-scale tests indicated a static
thrust turning effectiveness of 20 degrees. The drag data
from the ARC tests were so scattered that any angle from 4
degrees to 22 degrees could be obtained. It was possible,
though, by working backward from the thrust data and keeping
reasonable drag values, to estimate values of 16 degrees and
95 per cent for the turning angle and efficiency, respective-
ly. The analytical procedures, therefore, are believed use-
ful for preliminary prediction of turning angles and efri-
cienciee. This subject is treated in detail in the correla-
tion of the full-scale test data.

The effectiveness of the K-16B wing-flap combina-
tion can be further improved by increasing the flap chord.
Future designs will probably include larger flap span, nar-
rower nacelles, and possibly double-slotted flaps to further
improve slipstream turning angle.

Performance Improvement

The effect of stall on handling qualities is most
critical for the approach conditions because the approach
will be a low-speed tramsition condition; the airplane will
be in the low-speed condition for appreciable lengths of
time; wing stalling makes the fly‘ng qualities the worst in
this condition. In addition, the effect of stall on the
power required is of importance in relation to minimum
enging~-outl speed or minimum spproach speed.

The tendency of flaps to reduce stall in transi-
tion is primarily a result of the flaps turning the propel-
ler slipetream through a substantial angle, thereby reducing
the angle of attack of the wing-propeller combination and
consenquently the wing angle of attack. The increase by the
flap of the basic maximum lift coefficient of the wing is a
contributing factor.

The effect of the flap in deflecting the slip-
stream determines the wing attitude angle required to sustain
the aircratt in equilibrium flight at a particular speed con-
dition. By increasing the size of the flap there will be
an incresse in flap 1lift effectiveness, thus requiring =a
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lower wing tili angle with the resultant lower wing angle of
attack. Further improvement will result {rom changing to a
down-at-center propeller rotation. Down-at-center rotation
delays inboard stall because of the reduced cngle-of-attack,
and the strong iip vortex tcnds to keep the tip area from
stalling.

As a corrollary, the elimination of wing stall will
improve the flow over the tail, making it more effective in
the transition.

With flapped wings, it is ncw appsrent to make con-
sliderable use of leading-edge high-1lift devices to :.void
early leading-edge separation, so that maximum potential of
the trailing-edge flaps can he realized.

Structure

The K-16B flight envelopec approaches that of
operational aircraft. Extensive static and dynamic struc-
tures stress analyses supported by several tests were per-
formed. On the whole, little difficulty wae encountered
because of the conservative approach to design, but a few
problems did arise.

The fuselage and landing gear stress analyses
showed the JRF-5 to be structurally adequate for the K-16B
criteria except for two minor areas. The modifications are
simple and are outlined in KAC Reports G-113-25 App. I (30)
and G-113-18 Rev. A (23).

The wing stress analysis was substantiated by
proof-load testing of two conditions adjudged most critical.
While relieving load following completion of the final test,
a malfunction of test eguipment caused a momentary very high
localized load, resulting in some damage tc the wing. A&
temporary repair cousistirk oar a doubler over the cyxisting
lower skin and covering one rib bay was determinec Lo be
edequate for all projected ground and wind tunnel testing.

A permanent repair, adequate for flight, has been planned.

Structural dynamic analyses were substantiated by
a vibration survey of the complete airframe. Some of the
data shcwed high lateral peaks at the hub on the upper side
of the operating range with anti-symmetric excitation. The
motion was noticeable on the left-hand nacelle. lLocal stif-
fening reduced the amplitiude and raised the frequency of
this peak out of the operating range. The end result of the
testing found that rotor and structural damping were more
than adequute to prevent divergent oscillations in those
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regions of resonance that might appear in the operation
range (KAC Reporv G-113-27)(32).

As a resuii coi the ovaluation of hovoring flying
Gualities on the NAA analog simulator, the Bureau requested
that a stability augmentation system be investigated for the
K-16B. It wac found that several systems of relatively
isttle complexity hkd already been develcoped, including some
under contract to the Navy, and that two of the systems were
compatible with K-16B requirements. The system selected was
& three-axis rate damping system in which gain and authority
were 30 per cent, and both gain and authority under the con-
troi of the pilot in stepped inputs. The system was composed
of stabilization networks and gyros developed for the HTI.-7
helicopter and of hydraulic dampers used in the F100C damper
system.

POWER-AND-DRIVE SYSTEM

The power-and~drive system has had two particular
problems - failure ¢f the sprag~type over-runniag clutch in
the main transmission, and turbine rub in the YTOB-GE6 power
turbine. Considerable effort has been expendud on these
problems and, to date, a significant imprcocvement has been
mede in reducing the rate orf failure. Solution of the one
problem will undoubtedly lead to solution of the other.

After failures of two of the original sprag
clutches, a change was made to a higher capacity unit. Fol-
lowing & failure of this unic, a detailed analysis of tke
drive system was completed. This analysis, substantiated by
test, indicgted that a resonance occurred close to two-per-
rev ¢f the engine drive shaft.

The effective misalignment of the engine drive
shaft is 1.86 degrees. Bench tests of the clutch revealed
that sprag engagement caused ellipticai deflections of the
outer race that were proportional to the applied shaft
torque. This caused the clutch to act as a torsional spring
of much lower rate than a structural analysis based on radiail
loading would indicate.

An eleven-degree-of-freedom torsional analysis in-
dicated a natural frequency of 11,755 cpm in the fifth mode.
This 15 almost exactly two-per-rev. An earlier but simpler
spalysis had not detected this frequency.

To corroborate analysis, and to determine the ef-
fect of the torsional damping inherent in the system, a rig
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runup test was performed with strailn-gages on tho drive-
shaft., Results showed a torsional natural frequency at
11,400 cpm, and vibratory torque (two-pecr-rev) of +1200 1b-
in, or 20 per cent of normal steady torgue in the driveshaft.
Crlculation of the shape of the fifth mode indicated that the
vibratory torsion in the transmission input shaft, from the
Hookes-coupling excitation in the enginec driveshaft, would be
37 per cent of normal torque. Duriling an attempt to obtain
further data, the excessively high two-per-rev torque result-~
€d in fallure of the sprag unit.

To reduce the resonant amplification, the torsional
natural frequencies were shifted by changing the driveshaft
from aluminum to a dimensionally identical steel shaft, re-
sulting in a 3:1 reduction in torsional vibratory loads.

The fact that the high vibratory loadings experi-
enced in this case were caused by an effective misalignment
of only 1.86 degrees illusirates the potential seriousness of
Hookes-joint dynamic eXxcitation.

Concurrent with the sprag ciutch problems was a
turbine-rub problem. Measurements of the vibration on the
YT58 main reduction gearbox indicated a strong two-per-rev of
this part. By adding a redundant mount to the gearbox, the
vibration level was reduced and life of the power turbine in-
creased sliightly.

Further investigation into the source of this vibra
tion indicated that additional reduction in the levsl could
be obtained through redesign of a special universal joint
adjacent to the gearbox. When incorporated into the airplane
while at ARC, another increment of improvement resulted. A
natural guestion would be - why not use a constant velocity
Joint? Simply, system geomeiry and cnvelcope prevented the
ume of any avsilable standard unit.

These drive system probioms are protably due to two
factors - the necessary structural and drive system geometry
to accommodate the engine installation, and to unknown and
unanticipated dynamic problems in the engine itself, intro-
duced by the unorthodox installation.

The limited data taken on the power-and-drive sys-
tem vibratories indicate that the largest magnitude exists in
the engine-engine driveshaft-angle box area. A vibration
survey of the airf:i-ame-installed system will disclose the
source. If in the driveshaft system, a redesign to incorpo-
rate constant-velocity Zurn or Bossler joints will eliminate
the two-per-~rev forcing function of the present jolints. 1If
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in the engine, then it must be Qualified for all-angle oper-
ation, assuming the present nacelle-mountied installation is
to be kept. Eliminating these vibratorics will eliminate the

L P Y Py 2y e b
sprag ciuich and turbing rub problems.

Early in the ondurance stand operation a fallure
occurred in the main transmission input shaft, It was a fa-
tigue failure attributed to high vibratory bending moments
arising from the cantilever design of the shaft on which the
eprag clutch was installed. The shaft was redesigned and the
clutch relocuted to provide better support for the shaft.

MISCELLANEOQOUS

Upon completion of the girplane it underwent func-
tional tie-down testing. No particular schedule of operating
hours was prograeméd; tic-down was to he merely a functional
checkout. During the testing, which accumulated slightly in
excess of 6 hours, all systems were operated both with and
without the power-and-drive system running. Operation in-
cluded traversing the wing through its tilt range with the
rotors operating at rated power and rpm; operating the wing-
fiap system; controls - both airpluce and helicopter; and the
various ancillary systems. The remote instrumentation set-up
for the full-scale wind tunnel cperation was also checked
out.

None of the blade-flap control problems that were
to arise at ARC and on the endurance stand were evident
during this operation. This could well-be because the pilots
were not holding high cyclic inputs for any appreclable
length of time. The major problem encountered was excessive
. contrsl bresk-ont forces resulting from a multiplicity of
: small-diameter pulleys required to accommodate ihe sxisting
: fuselage structure. To correct, a boost system using exist-
ing in-house components has been designed.




FULL-SCALE THRUST STAND

and WIND TUNNEL PROGRAM

Following functional tiedown testing, the K-16B was
shipped to NASA, Ames Rescarch Center (ARC), for a brief
evaluation in the 40x80 foot wind tunnel. Operation of all
aircraft systems while in the tunnel was by remote control;
similarly, data was taken remotely. It was a mandatory re-
quirement of ARC that prior to wind tunnecl tests all systems
- air{rame, remote control, instrumentation - be demorstrated
on a static thrust stand. This operation was expanded to
take hover cuata in the arcas of rotor thrust and control ef-
fectiveness -~ data that could not be taken in the tunnel be-
cause of recirculation. The wind tunnel operation was con-
cerned with rotor thrust, control effectiveness, and wing
stall in transition, and blade flapping and damping in for-
ward flight.

The results of the thrust investigation at both the
static stand and the wind tunnel denotc that the thrust de-
veloped by the presently configurcd rotor is approximately
10 percent less than thax projected in the origiunal design.
Control effectiveness 1is dependent to some extent on devel-
oped thrust, so there is a decrease in contrcl moment com-
pared with that originally predicted. Wing stall charac-
teristics appeared mure severe than those encountered cduring
1/8-scale model wind tunnel tests. No problems arose as a
result of the blade tlapping and damping investigation - the
rotor was well damped and responded as predicted.

Working trom the ARC data we have shown the valid-
ity of the analytical treatment of rotor performance; that

hardware., The off-optimum characteristics result from a
rotor designed before the availability of adequate criteria,
and not updating the hardware as additional criteria did
become available, becpuse the program was a rcsearch effort,
not a product improvement program. By varylng several para-
meters of the rotor system, sufficient thrust can be provid-
ed to assure vertical flight performance of the K-16B at any
feacsible gross weight. This thrust improvement will also
provide an increment of improvewent in control effectiveness.

The stalling tendencies can be improved on all sec-
tions of the wing by two modifications. One is to increase
the size and effectiveness of the wing flap. An increase in
flap 1lift effectiveness will requirc a lower wing tilt angle
tc sustain the aircraft, and so a lower wing angle of attack.

e T L

el A




The second modification is tho insiailaiion of leading edgo
slats. Bucause slats sustain load they reduce wing loading,
hence angle of attack required. At the same time, a wcll-
designed slat will increase the stalling angle of attack.

An analysis has indicated that the stalli in the area of ihe
wing swept by the slips.ieam can be eliminated, and that
center section stall can be greatly alleviated, both in
level flight and at reasonable rates of desceut during
transition.

A generalized trcatment of the problems has been
given in the preceding seccion. his scctlion will present
an analysis and correclation of the test data. In Appendix
C are descriptions of the test zquipment and operation, and
in Table VI of the appendix are parameters of the various
test runs. In Appendix D is the derivation of analytical
methods for determining propulsive-rotor periormance in
hover, transition, and forward flight.

HOVER

The usual propeller is designed to operate in the
cruising condition at the ideal angle of attack for each sec-
tion along the blade. This can he done because the radial
variation in ideal angle of attack can be made coincident
with the twist distribution for the design condition. But
this leads to a rather highly twisted blade (about 40 de-
grees) with a hyperholic distribution. 1In this case, static
tbrust is of secondary importance. However, for the VITOL
aircraft static thrust 1s of primary importance.

Either camber or blade area must be increased to
generate enough static thrust for vertical take-off. Far-
thermore, ihe twist should be lower with 2 linear distribu-
tion. But a blade with these characteristics will have un-
acceptably poor efficiency at the low thrust coefficlents
required for partial power cruise. Hence, there is a cruis-
ing efficiency penalty inherent in a high-activity-tactor,

static-thrusting propelloes.,

For exsmple, to satisty hovering requirements a
highly-cambered airfoil is necessary to obtain a high blade
loading. But the rapid drop in required thrust from hover to
forward flight{ forces the propeller to operate at low thrust
coefficioents in cruise. To operate efficiently at these low
coefficients, a low solidity and a lower camber 1is needed to
keep blade loading near the maximum 1i1ft/drig ratio on the
blade section. It would appear profitable to vary camber to
provide a high camber in hover and a lower camber in cruise.
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We accomplish this camber variation by {lups in tho
blades. This ailows the selection of a blade profile that is
compatible with the high-specd propellcr requircments, but by
collective flap deflection attain the higher lift cocfficients
(because of the greater virtual camber) required for hover
performance, and with amplc margin for nccessary cyclic con-
trol without stall.

Performance (Propulsive-Rotor)

Tests were made on a static thrust stand to detor-
mine the performance and controllability of the aircraft in
simulated hovering f{light. Because the K-16B propulsive-
rotor blade loading is varied by introducing cember with a
flap on each of the blades, static performance tests were run

with various values of collective blade-ilap deflection, oy,

A schematic force diagram of the static stand is shown in
Figure 20,

Lo&éccu *

Figure 20
Force Diagram
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Thrust was not measured direcitiy. The aiircraft was
mounted on three load ceclls correspondiang to the threo wheels,
11ft and drag forces were measured, and pitching mowment de-
termined. The resultant of the lift and drag is cssentially
the thrust except for the drag of the nacellie and that pait
of the wing affected by the slipstream. With the wing flaps
up, this has been e¢stimated to be a drag ot 6.07q, which
yields an approximate nacelle¢ and wing slipstream drag of 1.3
percent of the thrust. Therefore, the resultant force is
less than the rotor thrust by about 60 pounds in 4500 pounds.
The resultant force is presented as a function of shaft horsec-
power in Figurc 2la, and is compared with the results of a
static~-thrust strip-analysis (Appendix D, Figure 83),

Both the calculated and the test results wers re-
duced to shaft horsepower at the engine output shaft, The
turbine output power was corrected for hoth engine reduction
goeer losses and for lose for operating at non-optimum rpm,
Engine inlet tomperature wes measured near the compreesor
face. Inlet pressure was not measured, s8O0 no correction weas
made for inlet duct losses, although the loss 1s estimaied to
be 2 porcent.

Insufficient data were obtained for thes construc-
tion of a complete performance map of thrust versus power for
various flap deflections. Nevertheless, the experimental
data that were obtained agree fairly well with the envelope
of the calculated performance map (Figure 21b). The drag due
to the flapped wing iu the slipstream seems to be reflected
in the test data of the figure where, with 46 degrees of wvwing
flap, the resultant force is reduced by 300 pounds for thc
same power,

Because of the agreement between the analytical and
the experimentai reguiis,; the analys3is can asgertain the ele-
ments that determine performance. For example, subtracting
tranemission losses from the test point corresponding to

7700 pounds of resultant force (CT/cV = 0.163) at 15 degrees

of collective flap (Point A, Figure 2la) moves it to the leit
for a rotor horsepower of 1523. The rotor figure-of-merit is
then 0.615. This point closely corresponds to the peak of
the theoretical curve for a2 collective flap deflection of
12.5 degrees, shown in Figure 83. Figure 22 shows the radial
variation of M, Cr/¢’, and L/D for this condition.

Figure 22a discloses that the mean figure-of-merit
is reasonable deetpite local discontinuities. The dip at Sta.
.50 is caused by vortices generated a* the flap inboard junc-
ture; that at Sta. .95 by the flap/tip juncture and the drag
of the external chordwise flap-control rod. The lift-drag
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ratio in the flap region is fairly low, begause of the drag
due to tne 15 degreces of flan deflection.

A number of possible changes to the rotor, discuss-
ed in the preceding section, led to u reduction ¢f deflection
from 13 degrees to 5 degrees. Figure 22b illustrates the ad-
vantages to static figure-of-merit by so reducing the col-
lective deflection. The reason is, the variation of drag co-
eff.cient increment with flap deflection is approximately
parabolic, whercas the 1ift coefficient varics linearly.
Hence, there is a better L/D at low flap deflections than at
high flap deflections.

~.With lower flap deflections, though, a lower thrust
coefficient is obtained at the original design tip speea. An
increase in tip speed permits the required thrust to be gen-
erated at the lower coefficient, as is shown in Figure 22b.
However, tip speed is limited by the onset of drag and Llift
divergerce because of compressibility. When this occurs, the
required thrust can be attained only by an increase in basic
camber. But, the inability to decrease basic camber when
thrust requirements drop off at cruise leads to negative
thrust on large portions of the blade, and decreases the
blade lift~drag ratios. There 1is, then, an optimum combina-
tion of blade design parameters and variable cambex for any
particular thrust-speed variation.

Performance (Wing-Flap)

The performance of the wing-flap combination in the
static thrust condition is manifested by the slipstream turn-

ing angle G), and the turning efficiency F/T; that is, the

percentage of thrust that is loft after the slipstream is
turned. Turning angle test results are given in Figures 23,
24, and 25.

The aircraft was tested with the fuselage mounted
in a nose-up attitude (approximately 14 degrees which is 3
degrees greater than normal ground attitude), and the wing in
several tilt positione. Lift and drag forces were measured
in the vertical and horizontal directions, respectively. Re-
ferring to the diagram:

(Diagram on next page of text)
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Slipstream turning

augle = 90 + ¥ -(oc ff) (1)

' - D
where v - tan T

The siipstream turning angles obtained from the
data of Figure 24 and 25 are shown in Figure 23. The large
scatter in the drag curves of Figures 24 and 25 have a more
profound effect on turning angle thar on resultant torce.

For example, using tite Run 5 data from Figure 24, turning
angles of from 20 to 2% degrees are cbtained. But taking the
drag data from the faired curve, angles from 14 degrees to 16
degrees are obtained. Including the drag data from other
runs, curning angles as low as 4 degreces were obtained with
40 degrees of wing tlap deflection. The scatter in the drag
data 1s such that turning angles determined using these data
are inconclusive. One possible reason may be the extrimsic
tail wind that prevailed during most of the tests which
would change the wing angle of attack in the slipstream, with
its consequent effect on the measured lift and drag
components.,

An indication of the turning efficiency can be had
by observing the ratio cf the resultant force with the wing
flaps deflected to that with the wing flaps neutral, at the
same piftch angle. The assumption mac.: under these conditions
is that the dyrag of the nacejiies and plain wing is negligible
compared to the drag of the wing with the flaps extended.
These results are shown at the top of Figure 23 and are
labelled F/T.

Figure 2 of NACA Memo 1-16-59L{(55) was used as an
ald to interpret the results of these tests. With ,40C flan,
the flap chord diameter ratio is 0.174. Using the faired
curve (Ibid), a turning angle of about 19 degrees is indi-
cated. 1If the data points of this figure are used instead of
the faired curve, a turning angle of 16 degrees 1s probable,
which 1s in approximate sgreement with most of these test
results. The turning efficiency tor the slotted flaps, inti-
mated in the retference, is not quite attained in these tests,
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(3) into (2), and dividing
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(5)

) and efficlency F/T can

be expressed in terms of ordinary 1iift and drag coefficients

Ci, and CD'
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To determinc the value of C, and Cp for cquations

(4) and (5), the test data can be used. For cxample, rcar-
ranging Equation {(5):

tqnh 2
(.. teng s

e

L =
L S

and using Equations (4) and (6)
N R C
° Sk tan@
The constant, kl' is the proportion of the theoret-
ical velocity in the ultimate wake that actually exists at
the aerodynamic center. As it is not precisely known, the

values of Cp and CD are presented as a function of k; in

Figu.:e 26, They are given for the basic contfiguration with
.40C wing flap for one of the points shown in Figure 23, for

a turning angle cof ( C) = 16 deg) and an efficiency of (F/T =
0.95). The maximum value of k; (0.79) is the theoretical

value found by the momentum theory of KAC G-113-4, Appendix
B (9).

The Cj, and CD curves of Figure 26 reveal some rea-

sonable values ol Cp, Cp, and k), which are likely to yield a

measured () and F/T. The Lift and dray coefficients must

first be corrected for the effect of partial span flaps, for
only & portion of the wing is immersed in the slipstream.

The flap l1ift and drag increments can be obtained from NACA
WR L-441 (56), or from the power-off wind tunnel data, exhib-
ited in Figurc 27, corrected for partial span by the method
of NACA TN 3911 (57). Applying these corrections leads to a
1ift coefficient of 0.75, and a drag coefficient of 0.23.
Referring to Figure 26, these values of 1lift and drag coeffi-

cient in turn lead to a turning angle, () , of 16 degrees at

a k; of approximately 0.74. This seems to indicate that the
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crodynamic centeor is less than
from momentum considerations.

o
@

slipstream veiocity at the
that theoretically inferred

The cffect of 1ift and drag coefficients on the
slipstream turning efficicncy and angle is more graphically
illustrated in Figure 28. 1t wes constructed using Equations
(4) and (5). This figure implies that it is more beneficial
to increase the flap lift increment rather than to reduce

the drag coefficient. Using this tigure, with k; = 0.7 and
Ea = 16 degrees, the lift coefiicient is 0.725 at a drag

coefficient of 0.25. Increasing the 1ift coefficient to
1.025 increases the turning angle to 22.2 degreuvs, and the
turning efficiency from 0.945 to 0.975. The figure also
shows that with given lift asad drag coefficioents, only one
turning angle can result unless thce velocity, kj, at the
aerodynamic center changes.

With the previously derived values of 1ift and drag
coefficients, and a value of 0.74 for k), the resulting angle

is 16 degrees and the efficiency 94.3 percent. These points
agree fairly well with the test points of DTMB Report 998
(47), and somewhat with those given in NACA Memo I-16-59L
(55) by the test points for the same configuration, namely,

69 = 16 degrees, F/T = 0.98. These charts, therefore, can
serve uas a guide to the effect of configuration changes on
turning efficiency and angle. Table Il summarizes the angles

and efficiencies indicated by various methods for this
condition.

(Table I1 on next page of text)
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I Table I1I
. Turning Angles and Efficlencles
. . N
Configuration C)
Flap 0? Gap
.40C ] Prescent
Fowler 40 '8;5 Tests .04 .22 .79 | 13.5) .94
. Present 5 o 7 3
i ! Tests .7 .27 .75 16 .94

Present 1) o9 | .325| .6 15.5] .945

RN

. Tests
—
| ‘ Ref 55
; ' Test 15.5| .985
[ 1 ! Points
.40C 40° .015 Ref &5
Fowler Cf Test i9 .98

Points

* Used in subsequent analyses

Controllability

Contrnl of the K-16B in hovering and low-speed
flight is primarily attained by cyclic flapping and colliect-
ive pitch displacement of the rotor blades. Longitudinal
control moments are the result of the cyclic deflection of
the blade flap, which induces flapping about the axis paral-
lel to the wing span. Lateral and directional control mo-
ments are functions of differential blade pitch between the
left and the right rotors, and of lateral cyclic flapping.
The lateral and directional controls must be properly phased
to result in control moments about the respective body axis.
For example, lateral flapping results in a yawlng moment
about the vertical axis through the wing. Because of the
partial wing-tilt, this moment has two components in the body
axes - yaw and roll. To counteract the rolling moment re-
sulting from lateral Ilapping, differential collective pitch
is introduced in the opposite sense. The system is fully de-
scribed in KAC Report G-113-4 (9). (Also see Appendix A).

It was one of the purposes of the full-scale tests to deter-
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mine the degree to which compensating moments were necessary
to obtain pure body axis moment control, Another purpose
was to determine the amount and phase relationship of blade
flapring, and the cyclic blade-flan deflection. This rela-
tionship is called ''cyclic sonsitivity'.

Cyclic Sensitivity

Part of the centrol moment is due to a centrifugal
moment about the rotor hub resulting from the offset flapping
hinge and the blade flapping (Ibid). The flapping hinge off-
set changes the cyclic sensitivity and the natural frequency
of flapping to bring the system off resonance. The degree to
which the system is off-resonance is a function of the offset,
the first mass moment about the flapping hinge, pitch-flap-
ping coupling, and the thrust coefficient for the particular
flap-chord ratio. The flapping equations of motion are given
ir Appendix D. These equations yield the longitudinal cyclic
sensitivity and phase angle shown on Figure 86. The rara-

meter J/? in this figure jis defiucd as:

Lo emet
T eacR4
where: e = flapping ninge offset, ft

my, = blade mass, slugs

r = distance from the ilapping hinge to
blade c.g.

= blade chord, ft

= blade radius, ft

= 1ift curve slope

P oo

It is apparent from Figure 86 that for constant
offset, such as exists on the K-18B rotor, as the blade gets
heavier or the c.g. moves ontboard, the longitudinal cyclic
seneitivity is reduced and the phase angle movee from 90 de-~

grees. The 1introuduction of negative 0/5 brings the flapping
motion back toward resonance and returns the cyclic sensi-
tivity. Point A of Figure 86 indicates the position of the
original design of the K-16B rotor. Subsequent modifications
led to a blade that is represented approximately by Point C,
The 0/3 angle built into the biade is -28 degrees, und the

azimuth is indexed at 21 degrees. As a result, the phasing
was expected to be about 13 degrees off at the maximum thrust
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coefficient, and the cyclic sensitivity down to 0.47. Of
course, at lower thrust coefficients, the cyclic sensitivity
would be further reduced as shown by the figure.

Besides cyclic sensitivity and phase angle, the to-
tal controllability depends upon the amount of moment obtain-
ed from a given amount of blade flapping. Using the analysis
of Appen:- ix D, the hub-moment and total moment are shown in
Figure 87 as a function oi J’/? and 0/\3 angle for the normai

thrust coefficient. This tisure shows that the longitudinal
component of the hub-moment and the totiat moment both in-

]
crease with either an increase in Jv‘r , Oor an increase 1in
negative 0/5 angle. It increases wiin the latter because the

system is brought cioser to resonance and the cosine ap-
proaches unity.

Test Results: The measured cyclic sensitivity is
shown ir Figure 29 compared with the results ot the analysis

Analysis
figure 86
¥ 4
o
~4
(o]
—
< |
=
4 QU
S o s
S g
[l
S5 Run 009L
a
o d, ©,;5 N o7
- -4
= 12.2 7.6 722  .0243
4 0 4 8

Cyclic Flap Deflection - lec deg

Figure 29
Comparison of Cyclic Sensitivity
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t' given in Appendix D; Figure 86, for the particular thrust co-
: efficient (in this case the resultant force coetficient).
Also, in Figure 30 is shown the total pitching-moment com-
pared eith the analvtical results given in Figure 87. The
cyclic sensitivity for Run 4 ¢ould not be measured for the
flap-defliction potentiometer was not fully installed. The

: total pitching-moment however, as a function of longitudi-

! nal flapping is in good agreement, so the cyclic sensitivity
5 must also be in good agreement.

It is not the pitching moment given in KAC Report
G-113-4 (9) for full cyclic input at full thrust. There are
two reasons for this. First, in these tests total cyclic
input amounted to only 15 degrees of cyclic flap ¢ ‘lection
instead of the design 25 degrees used in the original analy-
sie (Ibid). Second, as shown in Appendix D, Figure 86, cy-
clic sensitivity is a function of the thrust coefficient.
Full hovering thrust was not attained in these tests, and the

cyclic sensitivity is diminished. 1In addition, part of the
pitching-moment is due to the thrust force; for example:
dMm v dC!
dM H Lw S
= «+ Tix, + 5 (7)
da, da, " da, \wR
dm | ¢a,] 2o
and M = Js

da, dJ: dc); (8)

where: dal/do/l = cyclic sensitivity

Because the cyclic sensitivity ig g funciion ofi the thrust,
the hub moment is also a function of the thrust. These two
reasons - the restriction in cyclic flap deflection to 15
degrees, and the lower thrust of the tests ~ fully explain
the difference between these results and the analytical de-
sign projections of G-113-4.

Wing Streightening: An interesting point of these
tests is evident in gure 30c. When the stick is displaced
forward, the rotor fiaps torward (the disc tilts forward).
The rotor thrust vector points more forward; the vertical
component of the thrust is reduced and the horizontal compo-
nent increased. At the same time, the forward tilt of the
disc redirects the slipstream, causing an increase in the
wing angle of attack, and the wing lift and drag are in-
creased, The vertical component of the wing l1ift, then, in-
creases when the corresponding component of the thrust is
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reduced, and the horizontal component of the wing 1ift and
drag incregses to counterbalance the increase in forward hor-
izontal component of the thrust. The two effects of the
rotor and wing tend to cancel each other, or, the wing tends
to straighten the slipstream and tiuére is little change in
aircraft 1ift and drag with cyclic control. Figure 30c shows
the cancellation is almost total within the experimental ac-
curacy. This reduces the thrust moment by changing the mo-
ment arm to approximatcly the distance {rom the hub to the
wing aerodynamic center, rather than from the hub tc the CG.

Cyclic Power: Another cffect of cyclic control is
the power required. According to the analysis of Appendix D,
both profile and induced power are effected. Figure 31 com-
pares the calculations with the results of Run 009L. This

8 0 - - - .. - - - - -
180 Aft _ ) :
‘ Stickrrr' _
i 3
1600
= !
1 i
3
o !
Q‘ +
% la00 -
™
2
» \ __  Analysis
9~
2 1200
)
o
[/}
o
3
) : O run 004],
£
8 ! ' A Run  009L
200 .
!
|
0'.._‘, e e+ ——— e e e . - [
-4 -2 0 2 4 6

a) - gegrees

Figure 31

Power for Cyclic Control
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poxer-required can be compensated by a suitable kinematics
linkage in the engine control geometry, or by an isochro-
nous governor.

Lateral Directional Rotor Control

The lateral-directional conirol momeunts are obtain-
¢d on the K-16B by a pr per proportioning of differential
collective pitch between the two rotors, and of lateral cy-
clic rotor flapping. The details of the functions are given
in KAC Report G-113-4 (9) and in Appendix A, but will be
summarized here for completeness.

Lateral control is ohtained by differential blade
pitch, that 1is, increasing the thrust or one ro’or and de-
creasing it on the other. Because of the partial wing tilt,
both a rolling moment and a residual yawing moment Tresuit.
The induced yawing moment is compensated by the introcuction
of lateral cyclic flapping. Directional contro® is obtained
by lateral cyclic blade ilapping. This causes a sideways
tilt of the rotor thrust vectors, producing a yawing moment
about the wing yaw axis, as well as a centrifugal hub mo-
ment in the same direction. Again because of the partial

wing tilt, a rolling moment is induced about the body axis, -

Thia rolling moment is compensated by the introduction of
differential blade pitch in the opposite sense. The intro-
duction of both compensating controls is effected as a func-
tion of wing tilt through appropriate linkages. It is one of
the purposes of these tests to determine the degree to which
the primary contrcls and the compensating control linkages
accomplish their purpose.

The tests should indicate the cyclic sensitivity,
or the amount ¢f flapping produced by the cyclic flap deflec-
tion. In this case, the lateral cyclic sensitiviiy should be
the same as the longitudinal for the same thrust level. The
comparison is shown in Figure 32,

An adequate analysis of the results of contrcila-
hility tests entails carrying the measured components of the
:ontrol moments tc an aerodynamically common base; le, a
pocint that separates the aerodynamic results from the mechan-
sCwl system. Only in this way can the results be interpreted
in physical terms independent of the functioning of a mechan-
ical system. Such a common base for comparison is the wing
axis system before control compensation is introduced.

Blade flapping is a result of aerodynamic moments
on the blade, and depends on the blade-flap input. The test
should express the wing axis yawing moment for the amount of
flapping obtained. This was determined from the body axis
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measurements {Figure 33) by a transfer of axes, and are shown
in Figure 38. 1f the primed moment symbols denote the wing
axis system and the unprimed symbols the body axis system,
these axis transier equations sare:

N' - LSi.an Ncgs’]d

L' = L.c.osT'-NslnT (9)

The wing axis yawing moment is a function of a hub
moment,  thrust moment, and a yawing moment contributed by
the spoilers when the stick is deflected laterally according
to the following equation taken from KAC Report G-113-4 (9):

' o I, F _ a7
N = o b, + Txh_lb‘ +—T-Ycos 'a—e-Ae ¥ N (10)

The corresponding wing-axis-system rolling moment is:

dQ
d€

(When the rudder pedal is depressed there is no spoiler pro-
Jection, so Ng and L5 are eliminated.)

L -»-:TVSi.n@ j‘é AD + AO +Lg (11)

Substituting the previously determined component
parts (F/T, (), etc) into equations (10) and (1l1) will reveal
the contribution of each part to the over-all moment.

The experimental results will be consistient if the
wing-axis rolling and yawing moments, determined by inserting
the experimentally established components into equations (10)
and (11), agree reasonably well with those found directly
when using the axis transfer equation (9). The same moments
obtained by inserting the analytical components into equa-
tions (10) and (11), when compared with the other two methods,
will furnish an insight into the precision with which such
moments can be estimated.

First, ccnsider the case when the stick is defleci-
ed laterally (Run 021L). The measured body axis rolling and
yawing moments are shown in Figure 33b. 1In this case, the
principal control is differential collective plich with lat-
eral cyclic as compensation for the yawing moment that is
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produced. The cyclic flap deflection, flapping angle, and
right rotor pitch are given in Figure 34 as functions of lat-~

eral stick deflections. The F/T and () of equations (10) and

(11) were taken from Figure 23. Two other items for inser-
tion into the equations are the variations of thrust and
torque with pitch. The analytical values are found in Figure
35 with any experimental values obtained also entered. The

thrust results of Rune 004L, 005L, and O08L ( o/, = 14.8) show
reasonable trends.

The thrust-pitch slopes obtained from the strip a-
nalyeis are in good agreement with these results. At the low
values of flap deflection, however, the absolute values of
blade pitch are about one degree high. This is a result of
centrifugal twisting moments as shown in XAC Report G-11l1-4
(5). The thrust value of Run 021L was determined by taking
the torsional flexibility into account. The shape of the
torque-pitch curves is similar to those found analytically
(Figure 35). The absolute value is8 not directly imvolved in
the equations, but only the slopes.

The differential collective pitch must now be ac-
counted for, Blade pitch was measured ou the right rotor
only. The reasonableness of an equal pitch increment on the
left rotor can be determined by working backwards from the
experimental results (Figure 33) with the aid of the vector
diagram of Figure 36. Point 8 corresponds to the last point
of Figure 33 for right stick deflection. The body-axis roll-
ing moment (L) is 13,000 ft-1b, and the yawing moment (N) is
3500 ft-1b. Starting from the plot of this test point on the
vector diagram (Figure 36a), the first component to be ana-

iyzed iz that dne to lsteral cyciic fiap.
From oscillograph record 1696, b; was found to be

+1.3 degrees. The right rotor pitch is 8.1 degrees for neu-~
tral stick. Correcting for centrifugal twist, from KAC Re-
port G-111-4 this becomes 5.9 degrees, which according to
Figure 35 yields a thrust of 2940 ib, or 5880 1lb for two
r?}org. The wing-axis yawing moment (N') due to lateral cy-
clic is:

? i
N = TSSJL + Tx, b,
'
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which for this case is.:
. r eee( o
N = sts * _JLH 3] = +3320 fi-1p

The 1735 ft-1b/deg (99800 tt-1lb/rad) tor the hub moment deri-
vative is given in Figure 87, and is corrected by 4 percent
for the reduced thrust,.

This is laid out on the vector diagrem (Figure
36a), starting from the test point and paraliel to the N'
axis. This is straightforward.

Next must be determined the effect of differential
collective pitch. The effect of this pitch increment is to
produce a thrust moment component parallel to the wing yawing
axis, and a lift moment component parallel to the wing roll-
ing axis. Because the blade pitch was measured only on the
right rotor, the pitch on the left rotor was determined by
applying the same pitch increment between static calibration
and dynamic dellection on the left{ rotor as had occurred c¢n
the right (Figure 37). The total actuator-indicated differ-

Right Rotor

...... left Rctor
PG
pey
) TN
£ ~>
o ~O-
8 R . . /
E¥ o =
: & >
—QT’__ Oscillograph §\\ Assuméd for
30 Rocords -~ ( opgrating
Ed ~ ~ left rotor
©  _ar 1_ . ™~ J A8 pue to
9 Static ' . elastic
2 Callb, deformation

-100 -50 o 50 100
Left Stick,% Right Stick,%
-y, ———e
Figure 37

Increment in Difierential Collective at Actuator
Due to Elastic Deformation
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i ential collectiive pitch was so found. The values of 5.6 and
10.8 for full right stick were corrected fcr blade centrifu-

gal twist {G-111-4)(5) to yield a final.[ké) of 4 degrees,

The values of differential collective pitch shown on Figure
34 were corrected for centrifugal twist, whereas the raw data
presented in NASA TN 2538 (53) and by Weiberg (58) were not
s0 coriected.

The thrust momcat component is given by
N = £ Jcos® —F AS
T T d.@

Referring to Figure 23, the slipstream turning angle E} and

efficiency F/T are approximately 16 degrees and 0.94 respec-
tively. From Figure 35 the average thrust-pitch curve slope
is 190 1b/deg. Substituting these factors into the foregoing
equation, the thrust moment component becomes 8,000 ft-1b,
drawn parallel to the N' axis on the vector diagram of Figure
36a. The lift component of the differential collective inrput
is just the sine component:

8000{.259)
265

sm@ A@ = 2150 ft-lb -

T This 1s laid out parallel to the L' axis, and the vector
: marked '"Differentirl Collective" can be drawn.

The torque component is straightforward and can be
obtained from Figure 30 as

a8

dQ 220 + 150
where a0 - > = (85 ft-lb/deq

R « 185(4) = 740 ft-1b
parellel to the wing rolliag a»is, L' (Figuie 3Ga).

The vector diggram now shows a negligible amount oif
wing axis rolling moment to be furnished by the spoilers, and
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& rolling and yawing asymmetry. The rolling asymmetry is a
little less than that shown in Figure 33a for zero stick.
The dotted vector diagram shows the pcint that would be cal-
culated using the foregoing components plus the effect of
spoilers. The spoiler effect was found from tunnel tests
(Run 39), suitably corrected tor the dynamic pressure and
wing area affected by the slipstream (G-113-4)(5). The
spoiler rolling moment is Lg' = 0.145T and the correspording

yawing moment is Ng' = 0.0695T for the 43 degrees of spoiler
projection., The final end point, Figur= 36a,

L = 11,600 ft-1b
N = 2,200 ft-1b

is within the experimental accuracy of the test as shown by
the scatter in the data. Points corresponding to left stick
(Point 1) are also shown in the vector diagram.

Having the component parts for equations (1G) and
(l11), the wing-axis roliing and yawing moments were obtained
by the three methcds, namely:

l. Directly from measurements using the axis
transfer equations;

2. Using equations (10) and (11) with experi-
mentally determined components such as

T, b,, F/T, ar_, d9q
o g’ dg
3. Using equations (10) and (l1) with analyt-

ically determined components.
They are compared in Figure 38 for Run GZ21L as funciions of
total differentisl pitch when lateral stick is applied. 1In
general, the comparison is in good agreement. One reason for
the scatter in the yawing moment is the scatter in the b,

compensating blade flapping. For exampie, at neutral ﬁ;(),
the b; is the same as at full right stick, 1.3 degrees,
whereas it should have reduced to zero.

Des'gn Anelysis: The various components can now be
analyzed with respect to the original design (Figure 36b de-
rived from G-113-4)(9). The reduction in slipstream turning
angle from 26 degrees tc less than 16 degrees had little ef-
fect on the rolling moment inasmuch as the required addition-
al wing tilt did not change the direction of the differential
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collective vector. The reduction in the magnitude of the
differential collective pitch, however, had an appreciable
e{fect. The design ditfferential pitch was 10 degrees, where-
as the actual differential pitch (as tested) was 5 degrees at
the actuator, and 4 degrees due to centrifugal twist and
elastic deformation (Figure 38). The low spoiler effective-
ness in hover would reduce the lateral cyclic compensation
required, provided adequate differential collective pitch and
its corresponding torgque were provided (Figure 36b). The re-
duced thrust levels also led to a reduction in the effect of
the differential collective pitch because the thrust-pitch
derivative was lowcred.

It is therefore important in the design of any con-
trol system that uses differential collective pitch to ac-
count {or all elastic deformations and the effect of reduced
thrust effectiveness, particularly if operetion at reduced
thrust levels is expected.

Directional Control

The rolling and yawing moments measured upon pedal
deflection appear as a function of blade laterxal rlapping
angle, by, in Figure 39. Depressing the pedal deflects the

blade flape cyclically so that the rotors flap in the direc-
tion of the depressed pedal. Therefore, in the wing axis,
lateral flapping is the logical aerodynamic characteristic
leading to a yawing moment.

The prime factors leadiny to a wing-axis yawing mo-
ment nre the hub and the thrust moments due te cyclic flap-
ping. The relationship between blade-flap cyclic deflection
and lateral flapping for Run 021L is given in Figure 32. The
analysis was made with equations {iC) snd {ll), using the
measured values of lateral flapping, bL’ and the compensating

differential collective pitch, [36}. The wing-axis rolling
and vawing moments calculated with the latter equations were

converted to the body axes, for comparison with the measured
values, by the following axis trausfer equations:

L= L":.osr - N,SinT
N = Ncos7 - L s'u\7l

where the primed symboirs donoce Ul wing axis system.

(12)

Considering the scatter in the data, the analysis
based on the equations is fairly accurate as 1is evident in
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Figure 39. The accuracy with which yawing moment can Le ana-

lytically predicied is better illustrated by referring the
measured values to the wing axis system (Figure 40). 1In this

system, lateral cyclic {lapping directly furnishes yawing mo-
ment. This comparison verifies that the wing-axis yawing mo-
ment can be determined analyileaiiy.

The manner in which wing-axis yawing and rolling
moments combine Lo lorm body-axis yawing and roliing moments
can best be illustrated by a vector diagram similar to the
one used in the lateral control analysis. The point marked
"Point 8" on Figure 39 (bl = 5.5 deg) is analyzed vectorially

in Pigure 41 by way of illustration.

Starting from "Point 8'" con the vector diagram, the
compensating difterential collective pitch, when corrected
for elastic deformation, was -~-2,55 degrees. When combined

with the F/T and () from Figure 23, the dT/dea from Figure 35,

and using equation (10), it results in the differential col-
lective triangle shown. Applying the torque derivative from
Figure 35 brings the vectors to just the other side of the
wing yawing axis, N'. Combining the hub moment and the
thrust moment derivatives due to lateral cyclic, and using
equation (10) as follows:

] JM.,L Tx,l
N =136 ST |®

parsallel Lo the wing yaw axis, yields a siight.y asymmetric
body-axis rolling and yawing moment that is tairiy close to
ihat obtained oXpoerimentally (Figure 40).

Design Anglysis: Several tacts can be gleaned {rom
the comparison of the direct and the componential methods for
determining wing-axis rolling and yawing moments (Figures 40
and 41). The most important is that wing-axis yawling moments
can be predicted analytically. Secondly, in the tests there
wnas insufficient compensating differential collective pitch,
quite probabiy because elastic deformation was not accounted
for. {(See bottom of Figure 40)

The original design is compared with the test re-
sults and several alternatives in the vector diagram of Fig-
ure 42. The rceduced slipstream turning angle called ftor an
increase in wing-tilt. This in turn had an adverse effect on
the body-axis yawing moment, the change being proportional to
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the cosine of the tiii augle. Tho increascd till regud
more diff{erential collective for compensation, which was not
available because of control system geomctry.

To summarize, ihe analytical methods applicd to
rotor static performance lead to the explanation for a tes
yotor figure-of-merit little better than most helicopter
rotors, The principal rcasons arc: the large flap detfloc-
tions and flap junctures cause high drag and, therclore, low
section L/D; drag of the outboard chordwise control rod.

The results of the wing performance tests are in-
conclusive in establishing a slipstream turning angle because
of the large scatter in the drag data. However, reusonable
values of wing-flap 1i1ft and drag increments are analytically
shown t0 lead to a good average value of the test points for
turning angle and efficiency. The turning angle of tlte flaps
wgs reduced principally because of the reduced span of the
flaps.

Rotor contirol is a function of the moments and
forces generated by blade cyclic flapping and differential
collective blade pitch. The flapping is induced by cyclic
flap deflection, the relation between them known as cyclic
sensitivity. The cyclic sensitivity, and subsequent moments
obtained in the tests, is almost exactly those analytically
determined. They are not those of G-113-4 (9) for the orig-
inal design however, becausc of mechanical restrictions in
cyclic flap deflections, and the reduced thrust lcvels of the
tests.

The portion of the controllability dependent upon
the slipstream turning angle and efficiency reflects the re-
duction in turning angle from the design value as well as the
reduced thriust levels, and tends to subetantiaste the values

=R OR- B TR -RLA S AN .

deduced {rom the analysis of the wiag-flap performance data.

TRARSITION

In the transition phase of a tilt-wing airpiane,
the vertical force is gradually transferred from the pro-
pellers to the wing (or conversely). This is most effi-
ciently performed when the wing can sustain the greatest
portion of the vertical load at the lowest possible speed. A
large flap-lift effectiveness requires a lower wing tilt an-
gle to sustain the aircraft, thus, a lower wing free-strecam
angie of attack. A lower wing angle of attack at any specd
will reduce the tendency to stall in the transition.
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Airnlanc Periormance

Wind tunncl tests of the K-16B show that at condi-
tions in which the aircraft would be balanced (Lift cguals
weight, thrust equals drag) the wing was stalled. Figure 43
shows the analytically determined wing slipstream anglo of
\ attack throughout a jievel-fliglt transition. With the unpro-
: tecte¢ lcading edge, stall i1s exhibited botween 25 and 70

knots, even in the slipstream,

With no slipstiream across it, the centexr section is
stalled until the total wing angle of attack 1is reduced to
subc¢ritical valucs at the end of the transition. The stall
is a result of thc pylon wedges which become exposed when the
wing is tilted, the largce chordwise extent of the tiltable
portion of the center section, and the lack of leading edge
protection,

The anglytical trim procedure of Apnendix D, which
accounts for center section stall, was used together with
data for certain representative slats to eliminate stall 1in
the slipstream and minimize it at the center section otf the
K-16B. The center section stall boundary moved from 75 to 50
knots. The elimination of stall on the wing improves the
flow over the tail, making it more effective so that it will
assist the rotor in trimming the aircraft in this fiight re-
gime. At the same time, the out-of-trim moments will be
greatily reduced.

Trim Angle of Attack

. The free-stream angles of attack shown in Figu e 43
were calculated using the longitudinal trim analysis given in
Appendix D. These angles are for a K-16B gross weight of
6300 pounds. Because of wing stall, a litt of 9300 pounds
was only once attained in the transition tests. The effect
of the slipstream is duplicated (ie, the wing angle of attack
is the =ame) 1if the disc-loading/q is the same. Also, the
free stream q is deteirmined by the Jift equilibrium. Hence,
the measured tunnel dynamic pressure need only be multiplied
by the ratio of the wing loadings to determine the attitude
angles corresponding to liit equilibrium of the aircratt in
flight. This was done in NASA TN D2538 (53) and the test
points are shown in Figure 43a.

Prior to the full-scale tests, the 1/8-scale
powered-model was tested with various Fowler {lap contigura-
tions and leading edge devices. The attitude angles tor lift
and drag equilibrium from these tests are shown in Figure
43B, as well as those from both calculations and full-scale
tests corrected to 9300 pounds. The figure shows good agree-
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( ment in all three methods. Data itrom the i/E-scale model
‘ tests are shown in Figure 44.

Figure 43b reveals a convexity in the curve of at-
titude angle for equilibrium flight, whereas the originail
design was concave. The shape of the curve is indicative of
the amount of rotor thrust (and power) required for balance,
and points up the extent of the wing stall prcblem. The tuft
sketches (Figure 45) imply a rapid cutboard spread of the
center section stall that is triggered at fairly low angle of
attack by the wing pylon wedges that become exposed as the
wing is tiited. The cross-shaft cover protrudes ahead of the
leading edge and generates vortices at its edges, which also
assisted the outboard spread of the center section stall.

The combination of the high aircraft drag (Figure
27), and the rapid spread of the center section stall result-
ed in aircraft 1ift and drag balarnce at a well-stalled por-
tion of the 1lift curve for all four transition points that
were tested (Figure 46).

Rotor Thrust Estimate

No provision was made for measuring rotor thrust in
the wind tunnel tests. For a particular test an approxima-
tion of the T." was made, using the results of the l/B-scale

model tests given in Figure 44, and computing the slipstream
based 1ift and longitudinal force coefficients as:

L = (L - T (13)
Cx = -Cp(1l - 1¢") (14)

These we h th results of the 1/8-gnsle modsel
tests, endeavoring to match the results in the low angle of
attack range below the stall. Additional approximations were
made, the process continuing until the best possibie match
was obtazined. This was then considered the thrust -oerffi-
cient Tc" to be used in the analysis to establish rotor par-

ameters of power, cyclic sensitivity, and control. The re-~
sults of this approach are shown in Figure 44 with symbols,
and the l/8-scale model results as bold lines. Only three
thrust coefficients were tested in the l/8-scale model runs
and three different thrust coefficients estimated for full-
scaie for the same configurations, but the "carpet plot"
method of presentation allows fairly accurate interpolation
to be made.
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Power: The power required for balanced level
flight from the tunnel runs is presented in Figure 47, as 1is

an analysis of Append1x D, Figure 84, for the appropriate

; values of , /\ , and "’T Tt will hn noted that these re-

sults are different from those given in Figure 22 of NASA

TN D2538 (53). There are two essenvial reasons for this dis-
crepancy. First, the values in Figure 22 (Ibid) are for a
9300 1b aircraft, whereas those in Figure 47 herein are for
the actual 1ift attained in the tests. It was considered
advisable in an analytical correlation to aveid the addition-
al uncertainties of a method for extending both profile power
and induced power to apply to a higher gross-weight vehicle.
The second reason is indicated by Figure 48, which shows dif-
ferent amounts of power reduced from the same data. The NASA
points are the first three points of Figure 25 of TN D2538.
Because no reason is known for the discrepancy and the total
difference would militate against the analysis, it is advis-
able to give, in detail, the steps taken to reduce the engine
data to SHP. Run 4, Figure 48, .11l be vsed to illustrate
the procedure.

In Run 4 a lift of 7000 lb was attained when suffi-
cient power was introduced for drag balance. The power re-
quired was 1135 HP, and was obtained as follows:

l. The inlet temperature, as measured from
the inlet duct thermocouples, was found

to be 77°F leading to a /92 of 1.0165.

2. From a "blip" count on the oscillograph
records (Traces 2 and 3) the gas producer
speeds were found to be 23760 rpwm and
23200 rpm for the lert

[ IV RV AVAN ]

respectively.

and right engines,

3. From the calibration charts for thne spa-
cific engines these led to values of

HPo

%\/0:

4. The inlet temperature and test section

of 595 and 636, recpectively.

pressure led to a c/;'of 0.964.

S. Multiplying the values from the calibra-
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tion chart by 0/2\/62 led to HPpp of

584 and 623 for the left and right engines,
respectively.

6. The correction for operating off the
optimum RPM depends on the power tur-
bine speed, N2. This is obtaincd

.rom the rotor '"blip" count, Trace 1,
multiplied by the gear ratio. For
this case it is 675(26.32) = 17750 xpm.

7. This is corrected to standard conditions
for entry into the G.E. chart (CA 123).
This chart is entered both for the ac-
tual and optimum rpm (19,500), and the
ditference noted. 1In this case it is
a loss of 20 HP for each engine, re-
sulting in a total loss of 39.2 HP
when corrected for temperaturc.

8. This is subtracted from HpPT's obtained

from Step 5, leaving 564 and 603,
- respectively,

9. The miin gearbox loss is furnished by
the engine manufacturer as a function
of power turbine speed. For this case,
it was 16 HP for each engine, leaving
net turbine shaft horsepower of 548 and

. S¥Y¢ Ior the l1lefit and righi engines,

respectively.

This procedure was used in the reduction of all the
power data in this report, inasmuch as there is often a fair
discrepancy between the N, as indicated by the tachometer and

that obtained from the oscillograph record. There are many : ,

small corrections which, if neglected, lead to erroneous 1

values c¢f power. 1
The analysis of Figure 84 agrees fairly well with

the experimental values. It must be pointed out however,

that the wing was in deep stall when drag balance occurred.

The power reguired cousequently was higher than it would be

had there been no stall.
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Rotor Performance

The rotor 1is designed to provide high thrust for
hovering flight, so the mean lift coefficient is high with
collective flap deflection. As the thrust requirements drop
olf with forward spced, the propulsive-rotor becomes less
efficlient becruse thc blade sections are operating at lower
lift-drag ratios. Thec collective flap is retracted as the
thrust drops off, and when nalfway through the transition is
fuliy retracted.

Propulsive Eftficiency

Most of the transition tests of the K-16B were rup
with a constant 13 degrees of blade-flap collective deflec-
tion. 1In an actual aircraft transition, of course, flap de-
flection would be reduced {rom the optimum hover =alue to
zero in forward flight.

A thrust calibration was made at two airspeeds, 39
and 77 knots, assuming thrust equals drag. (These are the
first two series of points in Figure Bc of TN D2538 (53)).
This calibration was to be run with zero collective flap de-
flection, but there was an inadvertent deflection of 2.3 de-
grees. At the point at which the aircraft is balanced, Fig-
ure 49 indicates a power of 1080 HP. At this point the rotor
propulsive efficiency was 53 percent. The calculated effi-
ciency was 57.8 percent. Agreement is good, especially since
in the tests the flap was deflected 2.3 degrees when suppos-
edly retracted, and the strip analysis in forward flight does
not provide for a collective flap deflection.

The iransition flapping gnalyveis of Appendix D was
used to determine the effect of flap deflection on rotor ef-
ficiency at these speeds. The comparison is shown in Figure
50. A reduction in efficiency of about 2 percent is indi-
cated for the 2.3 degrees of collective flap deflection.

This brings closer the agreement between analysis and exper-
imental results.

With the alleviation of wing stall in the transi-
tion, the power will drcp off with speed as the induced pow~
er is reduced. At higher speeds, when the required thrust
and advance ratio both increase, the efficiency will also
increase. At 140 knots (the last series of points of Figure
8c of TN D2538) rotor efficiency was not investigated. A
mechanical restriction limited the pitch angle to 26 degrees
{which results in a negative thrust at this advance ratio),
and the flaps were not fully retracted. These last points,
then. 2re not the result of a thrust calibration, but are the
incidental results of a test to investigate rotor blade tlap-
ping at high speed.
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Control

At the low end of the transition speed spectrum,
the aircraft is controlled by propulsive-rotor cyclic 1lift,
The magnitude 15 dependent upon cyclic sensitivity, which
has bheen discussed in the "hover' section, A particular
required control moment for low-speed contrcl cen be ob-
tained from an optimum combination of blade design parame-
ters, As speed increases, the cyclic control is phased out
and the serodynamic surfaces take over,

The complete equaticns of blade flapping motion
are given in Appendix D, and the cyclic sensitivities for
the present K-16B are shoewn in Figure 88,

Longitudinal
onglituc-nal

The cyclic sensitivities of the wind tunnel
teats are compared in Figure 51 with the results of an
analysis from Appendix D, Figure 88. At the two lowest
tunnel dynamic pressures the agreement is good, but at the
two higher dynamic pressures the analytical results are
conservative, The most likely reason for the conservatism
is a variation of the cyclic inilow factor with forwsrd
speed. The factor used was derived from hovering control
considerations., But in transition the induced velocity,
which is modified by the cyclic inflow factor, is a
smaller proportion cf the total inflow,

In Figure 52 control moments are shown as func-
tions of the longitudinal flspping angle. They are pre-
sented as functions of the resulting flapping angle, a;,

. P

Tathsr than cyclic flap deflection, o 3 To remove the

effect of scatter in the cyclic sensitivity. The control
power from the analysis of Appendix D, Figure 88, is also
shown, Fair correlation is evident, but with test results
signifying a higher control moment per degree of flapping
than does the analysis in the linear range.

Test results (Figure 52) include the effect of
the elevator, The snalysis also does, but estimated values

of de/dQQ from XAC Report G-113-4 {(9) were used. It

is prudent to compare the estimated and the test values of
this parameter, rigure 53 shows that the calculated ele-
vator effectiveness (slope of curve) from Reference 9 is

not toc different from the results ot Rums 33, 34, and 36
(Figure 31 of NASA TN D2538) (53), although the experimental
value is slightly higher than the calculated value,
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The increment in pitching-moment coetficient due
to the elevator can be expressed &s:

W dC, dd. “
by - T
| Ac,, s dd (1 -7) (15)
: and: “ “
Amte s AC...t q S¢
dC, ddg (16)
X
dJ; dd, J:L A S¢
[N
d&‘ dd‘. dJo‘L da.‘ dcf:
«
Substituting:
i i"_”:e.. = .96 -,0192 from Ref, 9 (18)
dof
v
da, < .56 from Figure 88 for
dof‘_ Run 19
dC,.,
s .027/dsg from Pigure 83
de

q = 11.2 for Run 19
into the above equation yields 474 ft-1lb/deg, which is but
about 20 percent of the total control moment of 2200 ft-1b/
deg that is developed., Of course, the elevator effective-
ness incresses with airspeed. The foregoing figures apply
to an airspeed of 58 knots,

During the elevator effectiveness tests, the con-
trols could not hold the deflection against the airstream.
The difference in moment slope, dM/day, (Figure 52) is ap-
proximately egual tc the loss in elevator effectiveness,
de/d-og related through equations (17), This is an indi-

cation of control system deflections,
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Figure 52 also indicates an ''out of trim'" moment
from tests with stick neutral. The ''stick neutral” point
of Run 19 on the {igiurs shows & mement of approximately
11,000 ft-1b, (This is the same as shown in Figure 25 of
TN D2538 for a 1ift of 8800 1b.) The calculated momont of
7000 ft-1b reflects the difficulty in estimating the drag
of the various components of a stalled flepped wing, part
of which is in the slipstream and part of which is not. Be-
cause of the influence of vortices shed by either end of the
cross-shaft cover at the center section, both induced and
profile drag of that portion of the wing are difficult to
estimate without drag build-up tests,

Lateral-Directional

In the K-16B, hover lateral control is obtained by
differential blade pitch with lateral cyclic flapping to
compensate for the residual yawing moment, As the wing is
brought down in transition, the yawing moment component in-
creases;, 80 more lateral cyclic is required to compensate,.
Finally, the speed is8 great enough so that spoilers provide
sufficient roll control and differential collective is
pkased out., Similarly, directional rotor control in hover
is lateral cyclic with differential cecllective pitch pro-
viding the compensation for the residual rolling moment,

A8 the wing tilt is reduced, the compensating differential
collective pitch is phased out, for the rudder is becoming
effective,

Lateral and directional control excursions were
made at & wing tilt of 40 degrees under conditions similar
to Run 15 (Figure 5ia). The lateral cyclic sensitivity
would be soxpected to bhe identical to the longitudinal, but
90 degrees out of phase. The resulis are displayed in
Figure 54. A comparison of this figure with the lower half
of Figure 51 shows a similar slope, although greater than
the analytical slope. Calculations underestimated the mo-
ments, most likely as a result of a reduction in effective
cyclic inflow factor, which reduction was neglected in the
analysie.

Pedal Deflection

Pedal depression brings about lateral cyclic flap
deflection and a compensating differential collective pitch
to provide pure body-axis yawing moment, The hody-axis
yawing and rolling moments due to pedal depression are con-
sidered a function of lateral flapping in Figure 55.

An analysis of the wing a&xis yawing and rolling

moment shows substantial agreement with the maximum right
rudder depression that was tested (Point 1), Pitch was
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measured on the right rotor only. For the left rotor, the
differential collective pitch was determined using Figure
37.

The experimental compensating differential collec-
tive pitch variation, shown in Figure 55, reveals substan-
tial agreement with the design compensa .icu (KAC Report
G-113-4) (9) for right pedal depreseior. The residual roll-
ing moment is small. For left pedal depression however,
there was insufficlent compensation and the residual rolling
moment was high, A similar result was noticed in the static
stand tests (Figure 39). This anomoly has not been inves-
tigated in detail, but may be duc to asymmetry in compensa-
ting linkage adjustment.

Lateral Stick

The control input of lateral stick deflection is
differential collective pitch with lateral cyclic introcduced
to compensatc for the induced yawing moment, Figure 56
shows the rclling and yawing moments for lateral stick,

The lack of accurate yaw compensatiou is immediately appar-
ent (the negligible variation of by flapping with difteren-
tial pitch)., The same thing was apparent in the hLovering
tents (Figure 40). The probable explanation is that so
little compensating lateral cyclic is required, deflection
or lost motion in the control system linkages prevented the
correct cyclic flap input,

In summary, rotor cyclic sensitivity and control
power can be accurately predicted for hovering flight and
low-speed transition flight (Figures 51, 86, 88). At higher
speeds in transition, the analysis underestimates the ex-
perimental values,., The ressons for ihe conservatism are
not precisely known, but they are probably associated with
a reduction in cyclic inflow factor. The analysis indicates
the physical properties that deterrmine rotor control power,
By proper proportioning of these parameters, any reasonable
amount of control power can be attained. Because the analy-
tical predictions are conservative rather than optimistic,
plenty of control is avallable and proper proportioning can
readily be attzined, The mechanical design of the K-16B
aii freme control system, however, would r¢quire stiffening,
re-adjustment, and reduction of lost motions before it could
be considered satisfactory for flight,

Forward Flight Flapping

An articulated rotor minimizes the one-per-revclu-
tion root-bending stresses in the transition phase of tilt-
wing operation. But because the blades are hinged, in
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forward flight they will {lap back in response to angle of
attack changes, It is important that this flapping remain
within reasonable bounds.

Figure 57 shows the results of the wind tunnel
tests of blade flapping for the K-16B rotor. Because rotor
blede longitudinal flapping effectively tilts the rotor
thrust vector, the resulting vertical component is akin to
the well--known normal force of a hingeless propeller. The

results indicate that the slope Qa./aoc increases with
advance ratio Jy (see lines marked Jy = .25 and .40). But
even at a Jy of 0,43 (137 knots) the longitudinal flapping

is only about 1/3 degree per degree change in angle of
attack, The principal reason for the low value of forwerd
flight flapping sensitivity of the K-16B rotor is the rela-
tively large flapping hinge offset, The centrifugal force
moment about the offset flapping hinge acts as an effective
spring that is proportional to the offset and the first
mass moment. Therefore, the longitudinal flapping sensi-
tivity is inversely proportional to the offset, The analy-
sis in Figure 57 is that from Appendix D under "Transition
Performance', It is general and valid for any value of

inflow ratio; ﬁ\, and can be used for forward flight in-

vestigations. A simpler analysis based on single harmonic
flapping was used to construct Figure 85 to point out the
effect of several blade parameters on the forward flight
longitudinal flapping derivative. The figure shows that
high firsi-mass-moment, flapping hinge offset, and pitch-

flapping coupling all reduce flapping.
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CONCILLUSIONS

The rropuisive-rotor has demoanstrated its poten-
tial to provide stable, powerful, positive control through-
out the entire low-speed regime at a minimum power loss,
fuel consumption, and weight. It does this in a unified
propulsion/control package not requiring additional auxil-
iary control dcvices.

This control system is analogous to the nelicopter
rotor c¢yclic control concept, operates in much the same
manner, and produces comparable control forces and moments
by cyclically deflecting a trauiling cdge flap in each blade.
Collective deflection of these flaps provides variahle camber
blades that permit best compromise bhetwecen static thrust and
propeller cruise e¢fficiency. Flapping freedom of the blades
reduces out-of-planc vibretory bending stresses at the high
angles of attack characteristic ot VTOL and STOL transition
operation.

The concept was tested on ground bench stands,
and in full-scale wind tunnel testing or a partially deflect-
ed-slips tream, tilt wing airplane. The particular model,
designedé in advance of adequate aerodynami. and aeroelastic
criteria, did not demonstrate the maximum potential of the
propulsive-rotor. However, when correction is made for the
non-optimum dcsign of test hardware, the correlation of
analysis with thrust and control data obtained at NASA, Ames
Research Center, shows the validity of the analytical trcat-
ment oi performance.

Airframe oroblems were the result of either & non-
optimam configuration stcmming from the limited basic data
availeble during the design phase, but now correctible with
straight forward decigr. approaches based on currently-
available d-ta; detailed hardware deficiencies which would
yield to turther conventional development effort; or prob-
lems, basic to the VTOL configuration, which have been
experienced in later programs, and on which research data
are now available. The VIOL airframe is now gquite well
understood.

The propulsive-rotor, however, is unique and still
a valuable concept. Data trom the K-16B program has been
correlated with analysis and the analyticul methods irproved
since the early design analysis. Present melthods accurately
check wind-tunnel performance and control results, and can
be used for rellable parametric analysis of propulsive-
rotors for operational use,.
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Studies have resulted in a new rotor system design
which resolves the problems that appearced in test hardware.
Acrodyramic analyses show thegt the new rotor design will
provide a sufficient mirgia of static¢c thrust to asgure ade-~
quate vertical flight performance of the K-16B, and that
control performance will meel the requirements of Specifica-
tion KIL-H-8501A. Recent developments in high-capacity,
nonlubricated control tearings now meke the prcopulsive-rotor
concept practical as well as theorctically fcasible. Dynamic
analysis of a new flap retention and control system geometry
show acceptadble tearing P-V loads, and a very marked improve-
ment in both fatipgue life and in systom stiffness.

The airplune was designed to furnish an airframe
wioge size, design load factors, and performance character-
istics were compatible to those required for an anticipated
military mission. Structural anelysis substantiated by test
has demonstrated the abitity of the K-1GB to safely cperate
in the prescribed envelope.

Wind tunncl tests at NASA, Ames Research Center,

disclosed a rather severe wing stall buffet in transition with

an unprotected leading edge. A leading edge modiiication
that proved very teneficial on the 1l/8-scale model did not
improve full-scale results as significantly as expected,

The problem appears to be endemic with the tilt-
wing concept. One solution has been at least purtially
successful on the XC-142. Analyses have indicated how the
stall of the K-16B wing can be alleviated or eliminated
during transition both in level flight and at reasonable
rates of descent.

Thal the uwe of ¥ing iiaps tends tc reduce tran-
sition stall has been well documented, but no entirely
satisfactory method for analysis of the wing-stall problem
has been developed. At the present, only wind tuonnel tests
of a particular configuration can resolve the prcblem. How-
aver, as a result of the correlation between ana ysis and
K-16B test data, it is believed that the analytical proced-
urces are useful for initial prediction of turniny ungles and
efficiencies.
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longitudioal flapping anglo, rad

rotoprop coning angle, sad

wing span, ft or nuwhber of bladeu per rotor
nuaber of bladea
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slipstream
111t curvae slope, !SL

due

130t cosfficiont of the hurisontal tetl

1ift coefficient,

L
wing 1Lft cowffictent, ﬁ

rolling-soment coofficient, {E-:

rotor longitudinal force cusriacient

pitching-moment coefitcient, ig'!

pitching -mowent coeffliciont tncresment of the hull

p.tching-mowent ccefficient invrement duc tu the
horigontsl tail

pitching moownt coeffictent, TSE

yawing .momont coefficient

increasat In yawing-mowent cunfficient due to
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rotoprop diameter, 1

perpendiculay distance {rum the thrust lice o
the slevator hingo line

flapping hinge offset, ft or soan efticiency
factor

flat plate drag sres
rotor longitulinal force ( L thrust)

elevator. rudder and spoiler hinge moments

L}
rotoprop, _blade flspping soment of inertis L "dm
slugs 112

R
rotoprup_tiade product of insrtia [qr dm
elugs t3

burizontal tail incideace, deg

Jet thrust

rutor forward flight advance ratio, ﬁ

Vl/ ratio of velocicy at a poinu o the
Vas

slipstresm to theorstical velocity in developed

slipstream

faceor accounting for cyciie inflow through the
{

e 0 )

horizontal tsil lengrh, ft

rutoprop diec,

11, 1b
vertical tail lomgth, ft
roliing--moment, ft. 1lb

distance from wing maan seindvnamic centar fo
rotey hub, ft

pitching-moment, ft. lb

wing pitching-moment at zero angle-of-attack,
ft. 1b

hull pituhing-moment, fr. lb
rotor hub mowent, ft. )b
nusber of propellers

angine gas generatur RPM
engine powe:r turbine RPK
yasing-moment, ft. Jb
noraal mcceleration

free stivam dynamic pr ure, lb/ag. (t. or
pitchiog velocity, rad/mec
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husseontal tail sigple of attack, Jey -

GRpe R FeBultant dynsmic preswuta a1 the propcliler i -y
Y "h hull angle uf attack. deg
. veLtul sur vl ané T3 e my 22
4w R p tiade Tlapplug Bngle
-
.. N Toaultant dynamic piessvie sl the wing sciudyuamic a
Res Y Lok e 1 | QAR
kT L
cented Vectot sum vl g sy Loy b myg 01
. w R g, propelier colluc thve Dlap Sefletion, rad
|
) a4 averags dynamic presvuty at tetl, 1howg. 11 ¥ propeller Jonkttudinel flap defloctiun, vad

1otur Lliwde 1adlel stetion, 1y proepeller Iaters] 1lap deflection, 1ad. or eapine
‘ 1nlet presnsure to wtandard amuient preasuic satio

-
o

center 1o veuter of yravity propellen flepplng hinge offeet,

. R totor bjlmav vadiue 1L
' J\J Prich-T1apping «oupling angle
i 3 wing mice, wy 11
J‘l Tangltudinel mwunh plete deflection T
8¢ teierence arva fui fusclape vocfitacutn L

b

1 Sy wing aras 110 the rlipelicamn. ay. 11 J", clevatul dollectinn, dug

‘ 3!’( wing arva vitleide thy wlipstreams, wy 1 I(_ wing Fusler 1lap defledtion, dog

|

. 8 huris-atel twil arca J‘. Tudder detlection, aey

I

! a, vertivsl tuil atve J'_ mpatler defloction, deg

Iy T thrust | Jbe

b ""J tlap 131t eftecty encue deglvativa,
" Tw Jjuear twint, dogrs or red

83

I T [ 3 durnwash at taliplanc, power of{, deg
‘ Te thrumt roefflicivnt, m )R‘ '

! R

i T 3 UIRde: suws (B0 0T | e (--")d... (ref . 6)
i thrunt coefflclont, —mm—— e Leney I, »
0 q «R* ey I lene
1 Ry horizontal 1atl efty. lency factor
B Yo velutlty in mlipetream al wing a «
! Ne vertical 181l effgciency €acior
H L ] alrcraft weight
‘{ Liage piricn angle | ueg.

. "y fuel flow, ibs hr
’ wing flap slipsireas lurniox sngle
}. X lungitudinal force. 1L

1 wing straightening factor

: x nondimensiona) blade radial stzticn
. rotor tuflow 1atio
i x] 1ubonid end ol propelier tlap as pervent
), blade radius rotay advance ratio
“’ ‘ x06 porpeadicular dislence tros wing acrudynamie
|
|

- ap distance along shaft line Ivom prupeller hub tu
center of gravity, fo K1) denmitv

side force, lha. prapeller solidivy ratte

449 ” PP B

206 perpendicular Jdistanme frus wing chord plane ta wing-hull Vil angde, dey .

center of gravity, ft.

arxle Wiwesn rator 1csultant force and {ree
NIresa voIoclly

n perpl uley Jdistancee froz prorellcr zhati lam
to vunter of aravity, fit.

angle Deleeen wing ¢hid line 4and free slress

x,¥,¢ Ludy axis systes velocity for steudy level flight, dey.

[ PRy W A W

winp uaxis system propellvr blade 1ol bow angle

Toler szimuth angle from guwnstress 1o directiun

- augle of atrack, dog. .
of retation

y 6 4 3\

P -, angle of sttack of wing 1u Mlipstrvam, dey . .
. tulor Jolutioe

1 wpved, 18d sec.
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APPENDIX A
PRINCIPLES OF PROPULSIVE
~ROTOR CONTROL

Nuserous ¥/BTOL atircraft have been and sre cob-
xiBulng tc be evaluated by the Nilitery., A recurripg
'wrobles hLas Besd that Of securing sdegquste coatrol in
Vover add traasition, “Y’Al.‘lr. control power slone
has been obiained by auxilisry davices, fregquenily with

cr

Flapping Hinge

-—

—_—>
Thrust

Jguilibriua Copdstion

1. Thrust vestor luw perpendicula
to tip gnh plene and along
ceater line of shaft

8. Ceatrifugal forces on the
asss of the dlades cancel,

iub Luwtrul Faice

b Control

Neament
Momeat Arm
for Cr

Place

\(Tlp-Pl!h

Cyclio Cootrol Causas the Rotor 1o Tilt

1, Thruet veotor tilts in dirvection that
the tip path plane tilty, Causing an
fnorsmert of thrust on the hub pes-
pendicular to tha ahaft exip, whicb
is used as a oontrol foice,

3. Because ons side of tha rotor flaps
down and the othsr flaps up, the cen-
trifugal forcee actiang on the offaset
flapping hinge uf the bladea have
different mcoment arma. This Oa
s hub momwent io the direction that
the rotor tilta, adbout gn aRis per-
pandicular to the shaft axis,

Cyclic Control
yrinciple

122

limited succeas. The propulsive rotor elisinates the
Beed fOr any such sunriliery devices, All thres modes of
rontrol are inherent in the rotor, The following pages
20ntsin an explanation of the forces apnd soments that are
gonerated by 1t

lurque

._@ Thruet

Equilibrium (onditiun

1. Thrust 1e fized at a certain
amount .

3. Torque 18 aleo fixed cud the
direction of the moment is
opprwits to the directium uwf
rotstien of the rotor.

~ Tip-path
Plane

:Thru-'

locrssaed Torgue
(Contral Moment)

T
M

Tacre
Thruat

Torque

Wheo Collectiva Pitch is Increamed

1. Thrust 1incre gtviog & pumitive
1nct sment of thrust (dotied line)
perpeadicular to snd away from the
tip path plane, &nd ®wAich tn used
a8 a coatrol farce.

3. Torgue increnses giving an gacre-
ment of moment (brokenr line) about
the ahaft snis onposite to the

ton, and

18 used A% & contro]l ®omeni

3. Tbe eliprtream veloclty of the
air from the rotor increames,
csusing an increase of the )1t
{up force) at the wiog (shoen
later}

when Collective Pitch is Decressed

1. Thruat decreases causing a negative
control faorce incsement iato the
tip path plane.

3. Torque desreases csueing control
moment Ir direction of rotation

3. VYelocity of s)ipstresm mir over
wing decreases causiag reduction
of 1ift cr & d wn coatro) force
ob wing

Collective Uuntrol
Principle

e s e o e

# e




Thewe sre Lhe hesic ;o8 uf cvontrul., Tu com
rlete the picture, the cuntrule must be ;elatsa t the
airplane ws & ®hole.  But the problem is complicated by
the fact thst the direction and magonitude of the cunuol
furces will change in the transition fruos hovering to
forward flight. ODuring transition, the
saes rotste with respect ta the hudy »
cuntrolled, Yhe (odtrul syetes muet be proyrammed Un com
bine the forces slung miments abuutl the cuntiul m

eaes into pure furcea mnd m nte un the body »
‘ moans that both the budy sxes ant Lhe (oatrel mu
must be cousideres, 1 fs ne sary (v separais the wing
: frow the cirplane to ynderstand the control moments that
: ¢ be applied to §t.

The thiee conljul mamu vl the wing arre

X
Roll
L M ’Z
\ . Pitch

Control moments stoui an sxls n be spplied
®ither by s moment on another sxls (such a sheft axis)
parallel tc the axis, Or by & force st a given moment arm
distange.

Por wowenia abuut the sull muis, X':

- Total - .
Moment \\ /C> A
. aboutl Wing
Roll Auus X

N
|
¥
N\

. ™~

Under egquilibrium conditions, the thrust is equal

©on both rotora, and the turques are equal but in uppostite
\ directtions. Rall control 18 obtatned by differential

collective pitch. When rolling left-wing up, right-wing
down, the thrust on the left rotor 18 incressed and that
on the right rotar decre d an equal smoutit. The diffar-
entisl torques are sdditi in the ssme clrection,
There 18 &1%0 a0 Incre in 117t on the left wicyg sud »
corresponding dscreass in 11ft on the right wing (due to
slipstresm) yielding s moment in the ssac directinn (A-A').
If epoi) are uled, the right ving spuilers are extendsd,
caueing further down for. on the F1ght wing, and
therefore a momeni in the same dir ctiun, The total rolling
momgnt iw the vactor sum of these moments.

l ~7 4% [ ~ N~
. v / }" Spoiler ~ ..

Control Forie
. Gf vsed)

For mumeuts sbuutl the pitching salu, ¥':

N~

>

¢
e
/' \T | ‘\/
ole -]

%\ Ftehing

! Koment
)!

\./Q
B

— =

Pitch contrul ie ubtained hy longitudinal cyclic
cotirul which tilte both rotor tip psth planes in the same
direction, If the tip-path planea t1lt 8o that the thrust
vevturs polint up, the wing pitches leading edge up, The
ter upward fncrements of thrust (A-A') cavse a moment about
the pitch mxlm hecsuse they act st & mosent srs distancs
abead of the Y' azis. The hub suments (B-B') gct in the
eas®e Jireciios sand add to the thrust moment t> !lvo total
Pitch control moment. A residusl up-force (A-A') e can-
cellsd by the loes in J1ft on the wiog (C-C') beca
of the chsage in angle of stteck from the tilting of the
rotor,

Fur mumvats about the eing yav axis, I':

-.2' Yawing Moment

Yav control 3s attained by lateral cyclic control,
Here, both rotors tilt in the direction of yaw, o the
ssme manner ss pitch control, the sidewsrd increments of
thrust (A-A') and the bub coabine to yield a tota)
control moment sbhout the yaw axis,

Thesse, then, are the bamic snurces uf control
about the thr wing axes. To complete the loop, the cop-
trols must be related to the sircraft as s whole. When
the wing is d¢sn, 1ts three a»es are parsliel to the atr-
craft stabllity axes, &nd, therefors, the winy contro! mo-
wpnts o apply to the atrcraft controls wqually as well.
But when the wing is t1lted, the wing and gircraft axes
are no longer psralilel.

As csu be sewn in the following sketch, the mta-
bility axes of the airplane (s0lid 1ines) are located
through the centor of gravity; sleso, the Y and Y' axes
are atill parallel. K e, mowent bout the
pitch axie wil} produce puie moments about the aircraft
pitch axts. But the X and X' aaea, and the ¥ sno £°' axes

-
are displaced from cact other by the sngle of wing tilt, 7"

oy sty o -




pifferential thrumt produces a sweent wbout the
longitudinal axis that is perpendicular 10 Lhe *esultant

thrust vector, 1If 7= 90°, this will be pure rull about

the bndy axis, If the fuselage has an incidence angle,
rol) will pe with Fegpect O eaArth anes, ceusiug avae
poeitive ya¥ cuupling (right yaw with right roll), Thus,
differestisl collective pitch will give Aarly pure rull-
ing mament, @0 long as we Mwep the tody level. Tiere will
be ak induced yae due to differential toique (which will
pead upon the direction of propeller rotatiun) snd to
ffereptial wing 11ft (because Of sl)ipstir }. At partial
wing t1lt, there 1s also nn induced yat, In any Case,

the yaw ig comnensated by the sviomatic introduction of
directional control. With sppropriaste programaing, di1ffer-
satial collective pitch will result in pure rolling momest
for axy combination of tilt end slipstresa turoving.

¢ ————— A——— - ="

lateral tyclic producens a msument 1a the plane
of the propeller mshaft sxis. At BOV tilt, 11 1e jure roll;
sl 437 LILT 3t im pomstively-cuupled roll end ysv of equa'
magnitude, At 9UU t1lt, latersl Jyclic cad be uied tD
vunjunction with different acllective
il oveniiud, Ve B3l T ere
thiust for syual contrul. -:51 be lees
rower trsnsfer actoss Lhe interconanecting ehaft, and the

powsibility of higher design CY'0  fur the prupslie.. The

afde force sccompanytog Lhe relling moment is alec advanteye
ovs, for $t will produce trausletiug with a reductios tn
angulss rotation.

A1 2O ti1l1, ysa# cuotrul cen be produced by
difterentinl longitudinel cyclic snd’er differentiai wing
fiep. A cvomiination might be uptimum, Out of gruand
effect, wirg slipstiress atraightening reguces the effec
tivensas ol differential lopngltuiios} cyclic, In gruund
effect, alipstiresn apresding mehes differentisl wing flap
fueffsrtive. A cuabinatios csn be mads that would be
fairly conmtanl with altitude.

1t partial t11t 1m umed, stout 437 is maximus fur
pood yaw effectiveness frum lmatersl cyclic, Rutl thers
11l alsu e pusitive 1ull coupling. This will call for
the i1ptruductiuon ol differential callective to balance
the coupling. Differential wing flape will alev produce
yow, probably wilh emsll negetive rol}l coupling. Theie
might be s combhinatiun of istarsl cyclic and a1ft ntisl
‘ng flap that will give puse ysw, depending on t-e Rirframe
dusitn geuvmetiry.

The K 18R um » pettinl (L1t copcept. Ae nuted
earlier, only about 18" of elip osm daflection was finally
obisined, regquiring the wing plane 19 asgume s sttitude
of sppruximately 74 tin hover, At ihis high attitude,
Jateral cycllic produced mainly rolling somen thue, di-
rectionsl cuntrul of the aircraft wra inade o,
rhenger would be required elther to incra slipat
ceflective to persit tilt mngles of the order of 420, or
1o change directional cuntrol fros laterai cyclic to
Jiffersat:ial longitudinal cyclic plua ving flaps.

An iotercunnect between the wing and Lhe coatrol
eysl~m determir+s the routing of pilot cuntral inpule.
Thur, in the wing-dosn pHaition, tha rotor cyclic coutrol
i@ divorced frum the conirol inpute, and the pilot op-
arates the serudynamic Surfacea, A the wing 3s tilted,
the I1nterconnect actustes o Eamsn-patented linkage thatl
propurttvially chaoges the sense uf dirsction of the
piiot's control inputs, permitting cootrol to the rotor,
In the X-138, this aleo decressed contrul 1o the rudder
and elevators.
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APPENDIX B
VEHICLE DESCRIPTION

The ®.18R

nflgurstian ¢ on

Gf & partieiiy

t1lting wing meunted n » mcdified JHF 3 ¢ The
geaneril] arraogesent i shuwn tn Pigure 8, In
esch aof the eing ®soyn wilas i» installed » ¥YidH GEO

Tu keep Uk engin thulr qualifled flight

At tlr wing duw tilted, they are jnptalied nt &

A5 degrec nwde Jusn aititude.  Thyough & reductlon geritan
drives » projuleive rutur The p 1 sud 'rive

1lr s1w interconna. ted hy 8 crues shaft

in the wing leacing sdge, thua avuiding & 8CTI1iun Snymret

Tiiel thiuat prog.s 17 the event ' tngine tallwve
The verl-w® wagur siructural spd dynemiv arens
sra brjefly descs it in the follewing parsgreg A

ounasty of pertfnent disensiansl chngncterlatioe ;111 he

found at the end wf this appendin

HOTUR STSTAN

The prepulestive jater e 8 13 £1 3 30 Jismeter,
1hres pladed sysies Disc londing 1w In thy ojder of 28
1w/ 2té. Veaiatils caaber Is provided in the (re of Jeflen
teble rrailing edge fla)®s un the bla . permiiticg the
begt compr.wise brivean atatic thrust 16 huver and [rupelier
crutes sfficiency flepping freedom within 310 deyieon,
£3d 8 tuoed 1eatraint Ly Rellevills springs in lesd lag aro

provided. OQuiboard af the flepiing hinge 1o & blade feather -

iog hioge. Ths only signif cant departure frum (uircn:
helicopter rotor praitice lige in the yelatively omall di
Wmetar And lLigher uperating specds enpluysd, prescnt maximue
rotor rpm being T3, The racors, shusn o Figures M anyd
9 rotate in oprugste directions tu cAnce) turque

The rirfoll tion 1a &n NACA 16 3U% sodified
in the flap area, snd 18 (onstsnt from Blade Sta. 42 to the
tip. Plsde chord s conyisast 8t 18 Lo., with & spanwise
BOout of .3387 de par fnoch The suhsérged fiap ha
aa envelops of 00 percest of blade churd =nd 87 percent of
actus] blade epan

The hul. (Fipure fin  Je compoeed of fe: YTianged
slates mechaui-slly j---n.u together by Liolt s1lachsent to
s sriogdl dlsp.aed ou t-e ceuterline vl the avpeslly At
10 percest of rotor radius and e uslly dimpused al 120
degr Are three yniversal crowses oach retlsined {n the
hub ably by & duuble-run tepared ruller Learing 1un the
lover plare and & neodle bearing in the urper plate hlade
flapplag - .curs arouod one Axis of this crues, lesd-lag
about the oth

The rotur cuntre” system L. curpurlléy A gwash
pliate (Figure @, wounted on the prapelscr shaft The
swash.pl vonsinis uf m statiunary wember in which s
wmoufted A rotating seaher, the wbly 1n turn is mounted
on & pphaclcal Mall eent ageembied un the pr 1oy whaft
Both ¢yclic and cullective contiul of the ruter ro Avrys
Plished by diapl ent of (he awashplate, the wamhplete
astion 18 translmied through sppiopriate linkagen intu
motico of ths blage flsps lacesent of the

shplete results in & sinu motion Be the
rore mnd '
a simultanecus collertive rup n.u«- [
Aps that 18 net a"fected by rotor rotsrion

POXER AND DHIVE SYSTEM
——— e

A schewsti.- Atsgram of The drive syatem la Jin
played iu Figure sy he engine le Nt "lcl at & va dejres
noss-dowp attitude ta Ke#p 2t within 118 qualified flignm
e.velope 88 the wing 1s tilied Thiw requires an inter-
rbox to perait drive intoe The wain trénsmission
bocsuse @tructursl raneiderstiona prevented ‘tustalling (he
engine @0 that it «om drive directly tuts the aaln bux
The fntermaiiate artoa Atep® up The englae Cpm af 80NO in
hover to the wein grarbox tupiat rpe of H300 Tw:: stages of
veduction - the Tirnr & 3.31 1 upur-gear mh, the mecnnt a
4.3}:1 planetary traju - reduce the ilaput 7w tv the 738
rotur rpm 1n hover. .'n the meip bux input snaft 1s in-
®tallsd & conventlunel sprAg-1ype fioe sheallug unit wshith
avtosstichlly dieengagew the eungine in the evapt of ag
sogine fallur Upposed hand rutatiun of the ruionre Ls
- ured 1N the fire: stage reduction hy wddiag an idler
ar in the spur gear train in uone hoa VTher than that,
bo(h left-hsnd and right-hand drives arc jdeoticsl.

The fwy main bukes are iptercunascted by & (roge-
shaft in the lsading wdge of tim win, Two wpirce] bavel
geAr soshes, a lu togother with & voryi.a)
ehaft iv the miln interconnaction At
738 rpm the cross-sheft rpa im Driven by thie croes-
gbeft mpd subsiantially at the sircratt ceaterlios is an
aceessory-drive gesrton

The yus
sngine has 1emult

1fied flight envalepe of the YTAR U4
d in ah ypusus) Lrmsllation  ¥ith &
watlle oing » dy siate in the uvider of 70 degrees ip
tnrtalling the engine s: & 1% degres nuse d-wn
le kept 31 within % deg s uf the qualified 10 desgres
whi-h ®8, (onmitered accoprable Tie qusiified
A E1tetude 18 4% degrren w tunsidered in
11ing the enginea in the fueal aided 1hte
LeTiinge umer thruugh
ulted in ov 1gn duafftcultjon
wfting, o nge, and besringe
finad |vees and -hlu aysien hid imjuoeed
t unf.yenagab-le extianecus problsas h
taniallatiun (KAC Re te ¢ 11+ 29,

SIulhIrnF
Vi sing dimign 4 conventtenal, conniating of &
ta mypa1 dortpiluted Fletge typa Sheet tA] w.tu: ture 1n
rueedl. the (Titerdla £or VU (legs niroraft (MIL A 80G29)
wite used for @t Tura) Jemign The wing is ahcen 1o

Figuive 81 WY For rustut®] simplictty resaons L1
was dealsed 1. have ®iog 1317 sxie 31 Aanprusimstely 69
Proocet MV L v 1y wing with sufficieal torsionsl
411 ending miaangt Thiw pwition alse reeulis fn & neg

Tigt! 1o mhift of et g
he VG

nnd wing furces with respect tu

Ferty vt cut mesn choad Fosler flaps, vae segment
ATd Amd tne we p@eont cumithusrd uf tha nsvelle, 8re 1in
wta)led.  kerh flap 1a # Lullt-yp aheet metlal mtruclure
uNitg formed mrare Sud flte ®*1th sheet meis) skin. PFiep
motiun I pProugiasmt hy the clasaical twy-track syetes

The 1¢asane {1 uvwiog & wing-flap combluntios
huave Leen epumerated Fo3 1he K-16B the mystem was deaignad
T provide 4 sraimum wing fusslage angle uf 64 degrees when
ir hovering f1ight  Ouf appivach considered t
ane, #0 degree wving (3111 two, & ¥
M tress lurping snd parital eing tyle.
let1er. Though thers §n a turning lose
®ligetresn deflection and the rotor vertica; farve & c
ponent af TRrust (rather thag fyll thrust a1 #0 degrees),
the tnitia] Jower illt wam eapected 11U ajd in Tedycing
transition stell. We were 2)ru confrunted with an segine
1miallaxiun protles

Spuilesn, used for roll control, ere steple
hutltup eheet metal wirveiure and extend frow ¥ing 3ts. B7
tu the tip (Flgure 6L). They mre lustsalled as thrsa inter-
connectet gegaunte latocary of the nacelle tercoenscted
SeyisLis uutbidrd of 1he n# le, and ap " spotler
4ALove The nacelle. The ° t" spotler is pin-hioged &t
1l \railing #lge, the Others at their leading edg

The naielle (Figure 68 1o uf sen MOCOYuE
vonsiraction of 1he concentrated flap type, neistling of
fuur corner lnn‘frl‘ra_ 1s0 upper longérona, sad tranaver
framen. “Zew e tions sre used 8w Donel breakers. Mschined
fittings provide for wing aad 1ransmission wounlliag aad foy
angine 1nmtailarion.

A surplus JRF-3 fuselage wae modified to accomo-

date the 111t-wing The wing renter ctian w resavud
wrd the fusolage frames in 1he area sty n?lh.n'd and extended
1o form support pylons for the tilt-eing (Pigure &7 A

fined cenrer -sactiun trefling edgs bridges the pylunae,
forming a bent To the frant apar of the bent are nucn-d
tro wing fruefion figtings abuyt ehich the wing tilte
‘Figure GH)

Aw 1u the ariginal JAF-3, the K- 168 empleys tip-

flowta 15 furnish & heeling righting woment Hovever, the

sitaineent gn & t1l1-wing sircraft 18 not that -upl., With

a onltd attachment of flost-1u.wing, ms the wing 18 t5ilted *
the flomt will depart from 118 hecl-stability terljoce

preitiun  Thua, 88 31n the £ 16R une fluat mirut sust be

exiansible and prugrasmed 1o wing tilt 10 asiatsgoe the

original hegl-a1abilliry position of the fluat

PLIGHT CONTROL - YBTEW
——— R

Oone of the fundueenrtal criterid satablished by
Kvmen for spy proposed V/3TOL sircrafi required thal the
pilot’s controls Le einple, conventiaral, end devold of
sny voususl charactcristice calling for apecial piint
shille. Althoygh the K.168 concept Cesters on the combined
control festuree Of an airplage snd & helicopter, 1he
cantrols presenistinog tue the pilot #nd the technigue for
thelr oferativn sre mearly i1dentical with thoed of cooven-
tivnal sirplan The pilut’'s baric coptrols copsiat of a
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Figurce 58
Exploded View
of
Propulsive Rotor




Figure 60
Rotor Hub
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Figure 65
Spoilers
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Figure 68
: Ving Tilt
: Trunnions
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Figure 67
Fuselage
Pylon Framing
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eingle stich, ruddes pedale. sod thrumt control The
contruls presentation ie sybetantially the same 8@ that
found in any sultt englne fined wing ajrcrafi eacept fur
the subetitution vf & stick in place of the JRP whee) at
the right-hand eteiion. This change was mAde &l the request
of the coupsny 1ent piluim wha felt that stfchk control,
being similer 1y that of a helicupter, ®ould eiiminmis &
firsi flight variahle. A report of ar informal cockpit
mOoCckup revise g prosentey tn KAC Rep-ort G-113-3 (8)

Both roll and plich control, whether hel cupter
or fized wing, are securcd with ¢ithsr the stick or the
wheel. Yaw cuntrol In both regimes is ubtained vith con-
ventional pedale On both the s‘ick snd the wheel in =
beepar  selich that controle wing ti1lt.

On & cenirally locateo console are two conventicnal
rugine-condition contral levers and a rotor-thrust contral
Jever. In the airplane regimg this latter contrul performs
essentially the same funciion as doss & throttle. In the
nelicopter regime 1t is umed 1o contro) rotor thrust 10
msintsin altitude 2and 18 (n fuct cullective pitch. At the
aft end of the confole 1w & cunvsciional wing flap cuntrul.

On the thrust control lever s & “beeper’ wwitch
by which the pilot can phase in OF outl the degree of Ty
central-sensitivity. Although §n operatinna) atrcraft rotor
control-aensifivity could he programasd hy wirg tilt, or
wing flap, ur sume other and sullabic parameter, tt I8 ad-
vinable thet in rosesrch aircraft, rotor control-senmitivity
be diractly reaponsive to the pilot o that veried sensi.
tivities and hareonization programs can be investigated in
flight. To further increase the flexibility of flight
rosearch, four additinaal weitches are mounted on the in-
strument panel for gndividual control Of sensitivitiea uf
blade-flap collective, pitch, roll, and yaw,

Cyclic and collective blade-flap conbtrol runs are
cable aad push.rod 10 the rotor awashplate where they termi.

oate at thres eervo-actuators that control swashplate motion.

Blade-piteh control runs mre aiso ctble and push-yrod to
acother servo-actudtor ®hich ip turn controls blsde pitch

Rudder, ¢levator, spoiler, and engive cootrols
e uf push-rod, pPplicable.

Surface control effectiveness i1s obviously seall
Al low airepeeds. The converse im not necessarily tr n
the c of Totor contrals hacause the systes t¢ designed
to los-speed requirements, and henco, 8 constant cr direct

133

control input throughouvt the operst.eg range may bé found
1o yield eaceasive cvntrol st the higher alrspadds. Pro-
vision han besn made, there¢fore, for 3 resns by shich the
rctor controls input may be varied sutomatically and grad-
ually froe samimum tov fero (or conversely) & function
af wing tilt. This de.1ce is simply a linkage 1p which

1ne: outreit ratio is varied LY ®etns Of Ln adjusi-
able fulcr'm on the 1o0put lever. This lickage, patented
by Kaman, L® in current use ia the control syetemm of
production ROK, HUK, mnd HH4] helicopters.

It 18 of epecial significance 10 note that pre-
portioning of rotor coutrol to surface control ls s con-
tinuous actios that Is accomplished J0th gradually apd
automatically There is no transition point at which the
pilot munt change his flying technique. The wmaAneuver s
continuous,. and cin wmore &cCurately be described se so
extension of eirplape flying techniyues down 1O 2er¢ air-
speed conditions .

SYSTEW

EZlectriunl, electronic. asd hydraulic syatems arg
cunventionsl and aimple im concept, in keeping with the pbil-
osophy uf simplicity and susterity demanded Ly the program,
Insofar as pussible, "off-the-shelf” compoaents wers used as
in or with minor modifications, rather than deaigoing compo-
nents for a perticulsr function This has vesulted io soue
penalties in welght, and in space problems, but woiibehils
from the econcmy viewpoint,

It wam necesaary to specificmlly aesign the wiag
t1lt actustor systes Trade-of f studl indicated thnt an
electromechanical systes would possess ars) advaotagea
over 2 hjdraulic aystem, rot the Jeast daing & simpler and
uore positive irrsversible mechanism. As the Eysiss now
viists, two interconnected electromechanical mctustors are
used, sach driving en irreversible Acme-tbhreaded strut. The
actynior bodies are fueelags mounted, one on each side, and
the strute pln-jointed to the bottom surface of the winog
front spar.

A question at this time of establishing design
parameters what should be rhe rets of og tilv?
Plichlag analy indicated that the Mavy's expsrience with
wing-flap extension &0d retractive would maks & reascasble
PArsuster; so winrg tilt rate met at the Navy's spec
rate of 3 degrecs per gecond for flap operaiioo. On top of
this, an emergency wing-down rate of 3-seconds was imposed.
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Sing wnd Coaatrol Surfaces

Span (wing)
Root Chord
Tip Chord

‘ream

Yiag

¥iny Flap

Rortirontal Tagd

Vertical Tai\

Spoilers (projecied half-spead

Mezn Asrodysamic Chord

FYlap Stowed
Flap Entended
Latersl Distancs from A/C

Wiag locidencs

Aagulsr NWovement of Control
Surfaces

Rovor

Elavator
Rud

wing Flap

Table 111

Suwsmary of Principal Desigo Dimonsions

Conter of Gravity Location

Y (-0 n

Nurmal Gross ¥oight
96 n
67 1n Condition A"

Wiin Lown = Clean Conditiun

31 sq 5 DListunce Aft LE - MAC
71 wq. fr. Distance Below LE - MAC
70 ug. T1U. Percent MAC
38 ay. I
83 9q. 11 Momont of Ineruia

Lateral, 1y
Longitudinml, l’

2.1 1n Directiocnal, 1
112.2 1n

93:2 1o Condi:gon 9"

0 deg

%ing Up 80° . LG drwn - flaps
extended

Distaucs Aft LK - MAC

D3 ce below LE = MAC
Percent MAC

Moment of Inertis o
Leteral, Iy, up 500
)

1)
Lonpitudioal, 1,, up uo;
up 08
Directionsl, i1g, up 30
up 63°

Powor and Drive

Confaguration deuladod Xogtnes (3)

Blads Bection NACA 16-30y Norss1 Rated Power
(modifisd 1n flap sTua) Wilitary Rated Power

Dinsgter 15.17 gt

Blada Chord (conetant) 18 an Oprrating Conditions in Hover

Flaoping Minua (neccunt radsws) @ 2

Disr sree

Zagine TutpUT Snaft to inter-
redilate Gearbdbox

i6l.u wq. 11,
Solidity 0.18y Input 8haft (Intermediste Gearbox
B8lade Plap 10 Main Gearbox
Cbord 9.d5 3, Firet Stage Reduction (Spur)
8pan Js.1v 4n Second go Reduction (Planetasy

Aogular Movemaat

Mutpet (Rotor)

Blado Pitch (.73R) 13 o 43° Crues-shaft
Rladw Flap
Collectivy 12° aax
Cyclic +28¢
Pilot Control Movewsnt apd =
Correnponding Bladsy/rinp
eflection
Yore and Af: Stick T an - w” fley angle
Left and Right Stick 27 40 - 3 5% blade angle
3 4 flap angle
Feda] <

43,33 10 < 3 blage angle

13° tiap aogle

134

9300 Lbve

31.7 in
41.1 in
.38

30,400 aluge 113
11,300
97,000

6.8 1o
62.6 in
107

23,480 slugs 33
33,330

12,630
14,320
2€,400
36,100

YT134.0E8
4713 npP
1624 mP

6000 rpe

€300 rpm
4.07-1

) 3.2:1)
733 rpm
3500 rpe
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APPENDIX C
DETAILS OF FULL-SCALE
TUNNEL TESTS

TRSL BQUITHENT

The K-deh 1%l (3bed 1N Appendix B, 8 yemvial
miraogesoutl tw dlepiaped In Figue O,

e at NajA, Ascw Ru
(ARC) were conducisd $n twu phaseow:

1ch Conler

e Upeistion upn an gutdosr etatl. thiust
olaud fur wywiume Chuvhe s ant Taking of
hover data,

& wiud 1uneel opurstion in Gienwition sod
fixwd wing flight.

A deacriptson follown of the thrast stand cagosely deslgr.
o3 for the K-100 program, B uegct Iplion of the SUxRO Lot
wind tunnel widi L found tu ‘Guide tor Pla: d lrvemtig
ationy 4o U Ames 4URBU Foul ¥ind Tuonel (.8}

uat Rlant was cunkiiuCted e TR apran
cutside igar of tThe ARC Atraaaft Soav o Toan . I
orlentation axim aas [LXAN 10 0 Nopth acyth Itee with the
airplany headed Soulh.  Hegght wovu thr grou anyg L
fupclage angle ol attack rere al=o fiaed. sland wiru -
tuie was amnevilod fato e’ ferm faom stodd e 3. At
the extrumes u! tne (rur. var and the fout ol the 16k wore
magte io lhe way of the atrcraft landing wvar. baxtendiog
toreard from the rosn-bar, substsntially at ¢t Patl gt m
pick-up ta, vwrv 1wy additio rembein Lo aid i piich
stabilization. The entsre slLivcture vam lagaed 1 the
concrete spran, and suse 10,000 lla, of stee) blucks placed
onto the stand structure. The aiicraft landing grar was
replaced by sdanters which, thiough luad cellw, mounted the
airplane Lo ths stand.

The matin landing gour SAwte wueoe Jaterally Lrseed
to vutbuard; the tail eamt w not braged luitiwl eunning
disc omsa that the stend had a suver @ rewolran e 1n yaes,
permitting tho aircraft tu appruach the threshold of jonta.
bilsty. Additional) bracing was tnefalled - latcerally be-
twveen tbe sain maste and 1 1ally al rho tail maet.

The fioa! couffguration of the stand can he meen
1in Pigure U¥. The towd colls 1nstallaticn can be sevn an
Figures 70 and 71.

Though the atatic aland wasa adequate fuy the
origionl purpose «f mystos chevkoust, 1t Jett much to be
dewired when the progeam ¥ sxpanded o Include thoe tak
of hover dsis. Becuvac 1t ean cvompletely oxposed e the
wosther, test operatlons vould nut be conducted under von-
trolled conditiuns. Hosvy reiny ard windé of 10 huots or
bigher froequenily requirod curtatling or witving ‘vst
operatiomy, The wffact of lcuser winds, and pervhaps
izportantly, the fixed wilentati=n of tail G ewwentially
coastant prevatling wind, 1s @& moot question, but §t Jdoew
give rise to duubt of the quantitative validity of s
data - particularly slipatream turning and Jdrag datn, It
1e unfortunatce that the univerwsel thiuet wt that Ay
predecting at the tiFc Of NogoTlEtINe U
available., Muwoywva, Jewpite the linjtan)
as built, date of sorte value wan ohtaioed.

i3

Tn th backgeound of Figuee %8 a1ls Le o~
tratior in shich ~cre tustald & 1emate vuntrul cor el
and all recoutding and todicating 'n Lrewentatlon

Grolled

oA e

Al whicraft mystine avrs remately oo
from the voansuvle (Figure 73). Coatiol inpute =
lished by electrumgohanicul iacar sctusties Installoy
the whip cockpit (Frgure 23 Thy actuatens wer. tlta
respuctively, G thae theust control thilade patah), fose-
and-aft control to the poart yoke, lat al controel te the
starboard gt1ck, apd yaw routrol to the rudder pedals,
Egine fuwl-control-unit uporatiovn «an by pacumatlc maslos
tod rlave actuator 4.  All 1nstruments reguiyed e floer
ship systams wire v wned frop the sizcratc pandd 1
installad 18 U raccte costiol coasule pancl . Thr wsh
seriles vable Vios canbeole DecRae ail o TeLsion
0f the Wircralt '« ndiratlag aysten = not & parallcl systes

The right-haus propulatye rotoer was bnstiyuenled
te furnieh both rotoe contrul wations and rotur st neer,
the tranemiwsion and engine inatullations to fu nish
ticu apd temperatin: Jurals, the contral aysten to mcdeirc
control 1npnts.  devergl aresas of Lk RUructufo sete viva
yaged to monitar ~treysed. The extent of the derate contial
and anstrumenrat: aysloms tnslsdlod tn the wtslvdme van by

agpreciatod fion th fact that thuse vyntcms wuighed VIO Jbe

Thia tnstiumcoiation »ae jecutded st both the thrunt wisnd
1d the wind tunnil., A tavuleticon of the lostrumeutalioy
13 metlhiod uf 1ecusding will be found lo Teblae 1Y, Ay
gis L,

Additiors]l Ipetiusentalipn vsp scl up by ARL tou
svcure force dats sl the thrust stand, The force-indic-
ating losdcells me Temonis were traoesitied to Indicat-
fuy Micrevolt Potentiorvtere (IMP's) whose resdinge were
tieorded both visually sud phutographicelly.

Al the wtund tunnel AL teruide! foroe and sument
thicupgh 2 dusl syrtem. Sialen 10 the balsnce houee
[ with the test sidlgon a0 31MEtd to priut theiy read-
tup~ on (Apcs. St ula gexe Teadings fice within the
wualey mie fod o TW " 1pcated ta the contrul 10ovm adjac~
vt T the tunnel Temt mcty Tue dets racordad an the
TR wr 0 sunvd thi:ugh u moall computler that averajes
thie vadi e * atiwyl wouully typrs uvut sud cardpunches
encl date joeint. Thiw vompute: I8 manually fed such date
and wing tilt wlu. The punched cards are
LUy oduced g s Cuspuler progras that corrects fur
ne 8~ nletic svights aod tuvasl wall offects to
wite finud detn fuv ewch run,

A Camii s ea~ ®ounted al B hatch do the tunnel
veilin: abafl the aazplany to 3evord tufl patterus un the
witig. The camerw waw us ignted by nbservers at thie stetion
vho wero kepl in cormunicatlon «ith the cootrul room vis
inturvos eystee,

Aaxsn 18 ded Yata un thy ld-iach vacallo-
K1 8phe, aud visually socurded trdicatur remdinga at the
wwatiul console.

THIT OPEHATIUNS

Fullusiog ssevably of the K-168 & fun:tiona!l tie-
dosu chechout of all ship syatems run. Thu atrplsue
was then di cubled and on 36 September 1480 sir-ficightsd
visa MATY C-143 tu NajA, Ame# Resosrch Center, Moffett
Field, Celifurnia. An wquipmeot 1function 10 the C-133
comprlled 11 Lo terminaty at Tiavis AFB wher. the K-168
» 1t~ ancillmy cquipment weie traoeferred to C-13¢'e
fuo1 transbipacat Lu Muffett Fleld,

Ki-wpwembly 0f the uirplane snd inwtallatioe of
yracle control and tnstrusentation tquipment procended
1apadly, snd by mld-Novesbhor the thrust stand jJustallation
avw tusdy fur opoiation; hosevor, a (rscesiosion fsilure
at the =i -and-drive cudurance bunch stand st the Ksmau
factitty vatte 1led tlau stand opuration (KAC Repurt
6 114-34) (W, Duong the next wevetal menths a number of
@iy ansemblics weie Tenoved £rom the atrcraft for use at
the cndursnce binch stand.

nasbiey 1vel endurance operations hed
‘un€J 10 warrant & return to ARS to start
a1 lape.  Durs Janusry 1962 the X-16B
Picurcw 4 and 73), but
ard instrus=cutetios
1 by the nevd o ¢ 1 & newx lesl
11t furniahed waw not the one usid
s be teo srall tur efficient

Ay g
ruftyoas oty pras
1o mmamunbly of 4

and thrunt ptand were buoing

catied bor uperalie, aud Kagan porsennce) hed srrtved
« atendard apeoating provedery, Thie wes predicated on
~ihility & Ntained 1n the contract
this et progfan. KamAn's cespaons -

anile U singd

ocalYton 1

lay watl smapl-ly of the (LCTAlt, yperationul
of equip e nt, anl reluternace of e atrplenc
dur oy Tint Pa,tak, ARU's Corponsibl y was the

Al pistment of the tent formel («1tn Kampn avrodynasic
Consultation suppor U 1 jequested) aud teat cevation.

Fiiar G oopdiating a thras! siand - ur wind
Tunnel - tesl confsguration the K-16A would undergn a pru-
flight lnmpuciion  and an Iostrusentation calibration 184
. y. Musu=hlle, thr test run wshedule was
Mo forval tust schufule was sct for the
150 yuuapram, sath. T, 3 run echedule s.s determined vn
The 1emults of the pisvudii s rune. Hovever, & tentative
mchgdule vutline wam prepas.d snd will be found fu Tedle
Vv, Auspradix C,

nuUrh were necel
culahlivhod.

in all rewpr. ts the alrplane w=as operatent by
yemple control, The ungincs would be started sod rotors
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Figure 70
Main Gear Load Cells
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2 Figure 71
Tail Gear lLoad Cell
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Figure 73

Control lnput
Actuators
in Cockpit
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Figure 74
Installing on Thrust Stand

Figure 75

Thrust Stand Installation
Complete
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brought up 1
ular tewt canfigutatim

the 1 pm desired (. the Tus

then e pan tho-

wiould b At

Th A, [ ] L XY a1 asm thr c-xnadinateg tar
all test par .onel slell Al §6 (he controlennd temt
(lnin war alau 1) the winsd funnel o
Lin rapanal that min ovate b .
ture Vue nert g -l The test tun sam callod
Upmrat wponeibility ot
Kaman Pivijedt suuld Atation
himgalf at sipviaft,
Roth Proje

Tnitim) thiuet mt
madte o 6 Febiuasy Jues,
outs snd 10tos dyuamic Lalancs
the thruel etund and eiad tunn:
in Tahle VI, Appunayx U,

first of
el aymton
logiel luk fou
111 be tound

warly tun-upe mwand
yaw of tue lhiu=t atand. Adguit
vibrat1on to a =11l ~abtantiald Lut
levol. Thid je¢e-uh o and fun that Sl e vy
the mircraft - wam doelay.d by tan 1T dave el
rainz pad high ednmda . lio FEe @, the = svaleme ot
winds of 10 Knute o higher frequently vaued walving temt
oper.ations.

By 12 March aoveral thount und -yl tes tyis
had hesn mad:, (Vigw of the uorat 10
76 and 77}, On this Jdate the norial post-tua
*lon Aieciosud thAt A wiug tiuntalen f1iting had
failed 1n fatigue, (Heported tn soekly "o locii praerose
rapurt to RAAD-322) The farlure (Figure o8) au~ boby.ved
ributsile to the subsluntiul, renmalning lee-Tre ueny
vioration ul the ajrpl on the thrust stasd athuctuie,
on tap af piior fatigue damage duriag the thrust stand
regnnances.  Thaia fattinx, of which there are 1o, wae
desigued tn aluminum. Decsumo 4 wimilar viviatlon rroblen
conlad 11 .x1ut Jn the wind tuanel Lalapce ay.tem, eoin
fittinge woeve duplicated an wtecl, Piovuring uca f31ULngs
and ioetall.ng thum took the better part of 8 .

X

Early in Nay, ~nverasl duys after resta!ong th
thrunt stand program, & anrig ¢luieh 1o one transrissien
fo1lud, In vics Of the cxpAricaca «ith spiag vt tarl~
Ures Ak the prver-and-di ive enduraove stend, (he spnag
¢luteh 1o vacn transmiveion a8 jeplaved aath o lurk it
for thrust stuind ana wlnd tun apCratisn only. This alsag
1cquired a chang: of arive shatis to 1etune the sy~t-m
Lecaume of the cvhnage 1o systen froquercy due Lo the Jarke
ut,

Late in Juir, followiag shul=dosn f the Thnald
t=st run o0 the thrust staund, 1l sav founa tha* 1*c garter
bracket on the left-hand cngine had tailcd.
the engios 1t was Aiscovered thal 2 I
fittlng mouatind hole in w 3tiuctusal suppo.
elongeted, and that thoie were seveial
shest metal atiucture (Fus i), Tin
ine wee palluc. S distcns was puted 1 th
cracka it the sscct tul were faugnd, saatla
thr left-Land uac-: . {dopurted an s caty telee
reay ropost to Radb-J322) .

PPN doms on
the asirplan~. Buiie ral
urbelance 1n t! Tt
solt thrus® stand
cevulted tu Init W
uwcay in Lhe design i,
suhuuquent -unning |
syrtom &nd faurtloer duray.
shect matay coupm
load resuliting t
engin.- drive shx*!

Wyaatte
the toeo-
Tum.abalaty,

Sounting
o tatting . The craske o
cauaed By oan oxtreaacsu. late
per=rey forcang fuacttan of i

IMIRLa. A 1ow fasoaf joint had
Le-:ong avallalble, - tailed, and sagnil oo 11y svduced
the forciok funct Tho arca in QUEATLa in ol MUSCep-
tAble v taspeciian afler vagisn installation,

aotoa bt down=time for this ccpat: the plapaed
natntenafce Ty pre,avc the atrgdan: Tor the oo (koo
wese ccaplutud.  Becaawe this Incladed replacencnt of the
blade flaps, tha K-167 #sau 1ottt an tir thiust sl
nrw Llade/ flap tewanblivy conldd be dynamic
Thiv poriod of ®asntonanee and 1ep
no 4elay t6 th= funncl operation fr
statuvs.

‘andby

On 2 and JU Augual, rouwn bala aope made,
O 20 Avgust The whip euw repaved Jrom t wiand
and tursd to the 1740 foul tunncel. Qo the Jawt day of tns
aunth the ailivpla was Jifted fate the tuancl soecue- d
10 the throer tun yloga thal ure rounte! oo the floating
balance fiawe. Fipur—-s 80 and HL chow the buisting of the

ship tito the tunaed and The completed Lthethlimtion,
Rleclrie power lines, fuel lines, rewote contro) leads, and
tnqtrumentution cabley were yun through the pylon fairings
e the test control roon adjacent tu the tunnel test mecl-
don, and tunncl vperation atarted on b Septembor. Figure
K2 sl.owe une paint g thoa operation.

Operating provedure in the tunnwl fu)lused a
mupe 1 Juss stundsrd puttern, Folluwiog malntensnce, sud
«learing of the sirplane by lospection, eppruximetely 30
finules wor s req 'red tu ready the tunnel for oprrattan,
Th srarwtion sonsisted of mynchrooigtng “he viecUice
wenerator metl fur the tunnul fars, closiog the vier-
cad duurw, ®cd rcordioating Zero readings in the Malance
eruloe aud the INP . whun thie waw done 1he nosral pees
I1ight checkout cuuld be rade,

Followlog this preparztion, both «nglines wiuld b
wial ted wnd 1dlvd with fircepuard on hand,  shen the Ciye-
guard was vermovod and the tuanre] Becess dour Clased, Ui
clote wondd be ' LU oap G tert At this tirme the
G el operstor noorally o uld ue nelruocted to ortend th
faf! =trat b bt W alrprlane 1o an kle of gitack or
S12 degrees, amd ty aaise winnel ‘g0 U thel requised for
t ot ular tart, Sorultanceusly, Wb aticrafr oper-

- weald chlablish the flast tint pojut oo lguration -
A tting blade colledtive Jlap, «<ing (dup, and power with
tlude cilbeciane patch. I wing t111 «as aegquived, 1t
wewdd he put in aftor the shir w=as &t - 12 degrees to aveld
ntall hyntcropss as nodl ae pussible,

arriving w1 the foeal data polnt waf often o tire-
aleg pEocess as thirust and poser hag oas tafluencr on
-1 g an VLo versa. This way Tul ther corplicated
Ly the Jacl that ¢ Tims Tad Lo beodn e - balawee -
a bat Tovanlly carpliwhed a1th the pocurstic throttle
avtualo, s)Htem and the YUSE-G onpine deoop chal acturistics,

Asw moon as o data peint was rcached, duta record-
g enald mtart. ARC euudd suioid Jfes IMP data op the
vanpuler, phutos of the wing tufle ruuld be 1aken, and we
would record wur data. Followiny this, the tunnel opsratur
soald Le 3nstructed tu t3he biy data on the scale tap,

Lewrning 1 cnordinate thim data-taking tovok o
while, but the overage tine por pont way groduslly ieduced
T about o 1o var-and-one=hal? minutes, Often between
dita pulnta ARC sould conpute 1otal drag ann i3ft ta note
wherw drag croussotd fiorn cegative te positive, and tu assure
1hbat wing and flap loadinga did not cvxceed siresn ltmits.
In th: Vatter part wl ifhe progran expericnce hed s0 devels
vprd 11 was pusnible to meke two runk hack-tu~back, €lim-
mating the extra tire reguired to start up and regel
courditions fur the tunoel and the ship.

Fuliowing the vnd of a dala run the ghip «as
broupht to the wing dosa-flaps up condrtion, idled, then
shut douwn. The funicl weuld then requlie sichug tor fror
oo ~half Lour to an Rour, deyindiog upss hoa Jong the cng-
tren bad been vun, b--fyure peisonncl could ester the tunnel
tu service The $hip,

Coce tunnel vpurptivns sfarteu, 1 A prrtod of
etor Ldn o wec ks = 8 Sep w21
[RTETANPA N | s of Jaever-on g
this time A S SRty vits W f Tatlnteonancy ac
S ber cose ol farean object Jerma,

turbare o . Th s vauaed )
n 2t R 1ot
el poacractt runs had
Place ae wived frof the tupacl.

¥ -
Luring
- elgine
108 tanles
dulny te the
1. oved atil uy
1. ted apa the alr-

DETAAMINATION QY ENGINK POWSR

Fngine whatt horsepossr ia detersined by the

following oleps:

1. Head "1 rpe for vach englne from the Oscillo-
greph traces.

2. Correct N‘ to wwbient conditicas by dividing
LR by /62 wheras

92 - Compreswor Inlet Temperatere (VR)
51¢

or Compressor 1219t Tespsrniure (°¥) + 460
519

3.
for the perticulsr sagins ir uce with Nl

Botor the approyriste engins calibration curve
i 4+ Procesd 1o tne
curve abaled m’/." JEZ and horizontslily to the I-W/J"../a_;
nisle,
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Figure 76
Thrust Stand Operation - Wing Down

! Figure 77

l ’ Thrust Stand Operation - Wing Up ‘
i
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Figure 78

Wing Trunnion Fitting

Figure 79
Engine Mount Support Fitting
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Figure 80
Installing
in
Tunnel

i‘ !
1 Figure 81
- Installation
oy Complete
A
"y
{
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Figure 82
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Tunnel Operation




[

. 4. Tind the hursepowsr by multiplying HP/J;J 0'
by J'JO‘ where
'y

» Compressus Inlet Preswure
$9.92

3

. Resd the r310rF rpa from Lhe Owc tllugraph trace
and aultiply by lhe gear ratio to obtain '2 rpm ot the sigine.

6. Cuorrect '2 10 ambisnl (standard) conditiun LYy
dividing ll2 by Ja_z.

7. 1t "2 is above ur below calibration ooerstine rpe
©of 19,300, lcok up“the rower luse of ysin fium “"Qutpul Powe:
vs Output Speed” graphs furnished by the cngiae awaufa turer,
Enter the lla/\/ez at he uperaling rpa and procevd vortl-
cslly to the clusest operating Nl TpR cuive, then prucessd

le. W2 4‘2 fez.

horigontally to the corrscled “"Qutpul” =

3 the sane Tew the calibranben Koro - f 1u G ran diet. o
ence betwesn the twu reddl.gs 3w wilher & lons Enln in
hor wer., 1f the enyilue i oj-vreting Lelow (alftiary n

po
rpm 1t is & lowe; if opé: \ting abuve 1T 1w u ywin,

8. Subtisct ~r udd thls valua 10 Llhe horee-
pover previously ¢ sputwed. This 3» Lhe holelpowe) avail-
able from lhe engine puwer turbine bufuiw valry Into thae
main Feduction gesr (MRC) box,

9. To outain the shafl horsepowur, sublract the
power loss throuyh the MRG bhox. The vuluss uf puwer lone
are furnished by Lbe® engine manufecture: [ur the sveraye
SUATDOR harsepovar losdes verwus K ~orreced rpm.

2

1¢. Oubtraci this bursepoucr loss from the engine
horsspower available from the powsr turbtine (wtep H) to
BYrive at the final ur shsft hursepower.

Comparison of the calcuinted hoiseposur uming
1Bble mettad comparen favorably -i1lh ths dorsepuser Jeler-
sined vsing to 'qux Strain gagew mounted an Lhe MRG outpul
shaft.
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able IV
lnstrusentation and Wethud of Recording
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A,

Recorded o Oecillogra b

1. Blade {